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Abstract

Electron-electron interaction effects play important role in the photophysics of com-

plex organic materials such as π-conjugated polymers and single-walled carbon nan-

otubes. Our theoretical work within a π-electron model captures the essential mecha-

nism of the photophysics in these apparently different π-conjugated systems. In both

polymer and nanotube systems, we not only explain existing experiments but also

make testable predictions.

In the area of π-conjugated polymers, we develop a theory of the electronic

structure and photophysics of interacting chains to understand the differences be-

tween solutions and films. While photoexcitation generates only the optical exciton

in solutions, the optical exciton as well as weakly allowed excimers are generated in

films. Photoinduced absorption in films is primarily from the lowest excimer. We

are also able to explain peculiarities associated with photoluminescence, including

delayed photoluminescence and its quenching by electric field. We thereby resolve

controversies in the field that are more than a decade old.

In the area of single-walled carbon nanotubes, we have investigated the exciton

theory of the electronic structure of both semiconducting and metallic nanotubes. We

are able to determine quantitatively the exciton energies and exciton binding energies

of the nanotubes, in both longitudinal and transverse directions. Our estimate of

longitudinal exciton energies and exciton binding energies of semiconducting tubes are

the best quantitative fits to the experimental results to date. We also make predictions
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that the longitudinal exciton binding energies of metallic tubes are comparable to

those of semiconducting tubes, in contradiction to recently published results.

Our work demonstrates a universality in the photophysics of S-SWCNTs and

PCPs that arises from their common quasi-one-dimensionality and π-conjugation.
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Chapter 1

Introduction

The photophysics of quasi-one-dimensional (quasi-1D) π-conjugated systems such as

π-conjugated polymers (PCPs) [3–9] and the more recently discovered single-walled

carbon nanotubes (SWCNTs) [10–15] have attracted a lot of interest in the past

few decades . The electronic and optical properties of these systems are particu-

larly attractive for the optics and electronics industry, including light emitting dis-

plays [16, 17], photovoltaic (PV) devices [18, 19], field-effect transistors [20] and elec-

trically pumped lasers [21]. Organic light-emitting diodes (OLEDs) with PCPs as

the active layer have demonstrated high efficiency, brightness and flexibility, and they

are now widely used for applications in displays [17, 22]. It had been expected that

SWCNTs will also have interesting applications in the areas of OLEDs as well as

near-infrared optical sensors [23,24], since they absorb and fluoresce in a region of the

near infrared [25–27] where human tissue and biological fluids are transparent to their

emission [28–30]. PCPs have also been applied in the PV devices such as organic solar

cells [31–34]. However, the PV efficiency (number of the free carrier pairs generated

per incoming photon) of these devices are very low, currently around 5% [35] and still

far from the required 15 –16%. The active layer of PV devices consists of electron

donor and acceptor compounds. Since SWCNTs are known to be good acceptors [36],

it is believed that the introduction of SWCNTs to the active layer composites with

a suitable donor, could greatly increase the PV efficiency of the organic solar cells.

SWCNTs and PCPs therefore have lots of potential applications in the area of optics

and electronics.
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Various sophisticated experimental and theoretical techniques have been de-

veloped to study optical and electronic structures of SWCNTs and PCPs. The linear

and non-linear optical excitations in these systems have been investigated exten-

sively [4,15]. These have led to many different controversies. As discussed in chapter

2, the remarkably different photophysics of dilute solutions and thin films of PCPs

had remained a puzzle for close to two decades [7–9]. Our work within the π-electron

model provides a theory that captures the essential mechanism of the photophysics

in these systems. Our results reveal the remarkable similarities in the photophysics

of PCPs and SWCNTs. In both PCPs and SWCNTs, we are able to not only explain

the existing experiments but we also predict future observations.

1.1 Conjugated Polymers, π-electron Model and Coulomb

Interactions

PCPs are planar π-conjugated systems, which possess remarkable mechanical prop-

erties, such as flexibility and processibility [17,37]. They are relatively inexpensive to

prepare and have chemically tunable properties in addition to their unique electrical,

optical and magnetic properties. Their essential (and idealized) structure consists

of long (semi-infinite) chains with carbon backbones, as shown in Fig. 1.1. For the

carbon atoms, the sp2-hybridized σ-bonds are localized and often ignored. This ap-

proximation is particularly good for the long-chain systems as the σ-π separability

approximation gets better with increasing system size, which reduces the π-π∗ optical

gap but leaves the σ-σ∗ gap unchanged [38]. The π-electrons are in the 2pz atomic or-

bitals, with the charge density lobes perpendicular to the molecular plane (Fig. 1.2).

These π-electrons can hop between the neighboring sites and become delocalized over

the entire PCP chain in the absence of Coulomb interactions.
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Figure 1.1. The carbon backbone structure of (a) trans-polyacetylene, (b)
cis-polyacetylene, (c) polydiacetylene, (d) poly-paraphenylene, and (e) poly-
paraphenylene-vinylene.



26

Figure 1.2. Schematic presentation of π-electron 2pz orbitals in (a) trans-
polyacetylene (t-(CH)x), (b) poly-paraphenylene-vinylene (PPV). The overlaps be-
tween the orbitals are not shown. The PCPs are in the x-y plane.

The PCPs have been studied extensively within the semiempirical π-electron

Pariser-Parr-Pople (PPP) model Hamiltonian [39, 40],

H = H1e +Hee,

H1e = −
∑

i6=j,σ

tij(c
†
iσcjσ + c†jσciσ), (1.1)

Hee = U
∑

i

ni↑ni↓ +
1

2

∑

i6=j

Vij(ni − 1)(nj − 1).

Here H1e and Hee consist of one-electron and many-electron interactions; c†iσ creates

a π-electron with spin σ on the ith carbon atom, niσ = c†iσciσ is the number of

π-electrons with spin σ on the atom i, and ni =
∑

σ niσ is the total number of π-

electrons on the atom. The parameters tij are the one-electron hopping integrals, U

is the repulsion between two π-electrons occupying the same carbon atom, and Vij

the intersite Coulomb interactions.

Electron-electron (e-e) interactions play a very important role in the photo-

physics of PCPs [3,4,6]. The effect of many-body Coulomb interactions can be qual-

itatively understood by considering the limit of U ≫ tij , see Fig. 1.3. In the ground

state, the π-electrons are evenly distributed over the PCP chain with one electron per

carbon atom. Electrons hop from one site to another neighboring site, and has no
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Figure 1.3. Schematic diagrams of many-body effect of a simple PCP chain in the
limit of tij → 0.

energy barrier in the uncorrelated U = Vij = 0 limit. With nonzero Coulomb interac-

tions and in the above limit, it will cost an energy of U − V for an electron to hop to

the nearest-neighbor site. If we consider the double occupancy and the vacancy that

result from the electron hop as a particle and a hole, respectively, then they form an

bound pair called exciton due to their Coulomb attraction. Another energy of V will

be needed to break the exciton into free charge carriers. The formation of excitons in

the limit U ≫ V ≥ tij has been discussed formally by Lyo & Gallinar [41], Gebhard

et al. [42] and Gallagher & Mazumdar [43]. The fundamental picture of many-body

effect persists even when tij goes larger, as shown later in Chapter 2.

In addition, the photophysics of thin films of PCPs, such as derivatives of poly-

paraphenylene (PPP), poly-paraphenylenevinylene (PPV) and polyfluorenes (PFO)

are often remarkably different from that of dilute solutions [7–9]. The latter exhibit

behavior characteristic of single strands, and hence the different behavior of films is

generally ascribed to interchain interaction and disorder. Microscopic understanding
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Figure 1.4. Geometry of SWCNTs and their classification: (a) zigzag, (b) chiral,
and (c) armchair nanotubes.

of the consequences of interchain interaction has remained incomplete even after in-

tensive investigations. We present in Chapter 2 a theory of the electronic structure

and photophysics of interacting chains of PCPs to understand the differences between

solutions and films.

1.2 Single-walled Carbon Nanotubes within the π-electron

Model

Since their discovery in 1990s [10,11,44], carbon nanotubes (single-walled and multi-

walled) have drawn enormous attention and have been extensively investigated [13,15].

They possess a quasi-1D cylindrical nanostructure where the length-to-diameter ratio

can exceed 10,000. SWCNTs are one-atom thick sheets of graphite (graphene sheets)

rolled up ideally into seamless cylinders with diameters of the order of nanometers

(nm), as shown in Fig. 1.4. The unit cell and structure of a SWCNT are determined

by the chiral vector
−→
OA in Fig. 1.5(a), which is perpendicular to the nanotube axis.
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Figure 1.5. (a) The unrolled honeycomb lattice of a nanotube. ~a1 and ~a2 are the
unit vectors of graphene sheet. When we connect four equivalent lattice points O, A,
B and B′ with O to A and B to B′, a unit cell of nanotube is defined; (b) SWCNTs
(n, m) are divided into metallic (open circle) and semiconducting tubes (solid circle)
on the map.

−→
OA can be expressed by the real space unit vectors (~a1 and ~a2, Fig. 1.5(a)) of the

the hexagonal lattice of the graphene:

−→
OA = n~a1 +m~a2 ≡ (n,m), (1.2)

where n, m are integers and 0 ≤ m ≤ n. Depending on the orientation of the chiral

vector
−→
OA, SWCNTs can be classified into three types: (a) zigzag tubes when m = 0,

(b) chiral tubes when 0 < m < n, and (c) armchair tubes when m = n (Fig. 1.4). The

specific chiral vector
−→
OA in Fig. 1.5(a) is (4, 2), and the nanotubes in Fig. 1.4 are

(a) (5, 5), (b) (9, 0) and (c) (10, 5), respectively. The chiral angle θ is defined as the

angle between
−→
OA and −→a1 . In particular, zigzag and armchair nanotubes correspond

to θ = 0 and θ = 30◦, respectively.

In addition, SWCNTs can also be metallic (M-) and semiconducting (S-).

Within one-electron theory, metallicity occurs when (n−m) is a multiple of 3 [12],

n−m = 3q, (1.3)
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Figure 1.6. Curvature effects in a narrow SWCNT. Two nearest-neighbor π-
electrons are shown and they are not aligned as in planar conjugated systems.

where q is an integer. Different M- and S-SWCNTs are indicated in Fig. 1.5(b).

This condition can be understood on the basis of the electronic band structure of 2D

graphene, which is shown in Chapter 3. Depending on their diameters and chiralities,

one third of all SWCNTs are metallic and the other two thirds are semiconduct-

ing. These one-dimensional metals are stable under Peierls instability [12]. Current

preparative techniques cannot successfully separate M- and S-SWCNTs apart, al-

though various separation techniques have been proposed [45, 46]. However, spatial

separation of SWCNTs, in which the nanotubes are sorted by their diameter size

within 0.02 nm range [47], has become possible. The identification of the chiral in-

dices of individual suspended nanotubes can be accomplished using complementary

Rayleigh [48] and Raman [26] spectroscopy. All these have led to intensive studies of

the photophysics of SWCNTs.

SWCNTs are highly anisotropic π-conjugated systems with extended wave-

functions mainly in one direction, which is along the tube axes. SWCNTs can there-

fore also be investigated within the semiempirical PPP π-electron model (Eq. (1.1)),

as we have shown in later chapters. A semiquantitative approach that has been pop-
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ular employs an ab initio approach for the ground state, which is followed by the

determination of the quasiparticle energies within the GW approximation and the

solution of the Bethe-Salpeter equation of the two-particle Green’s function [49, 50].

This approach becomes difficult to implement for chiral S-SWCNTs with large di-

ameters and large unit cells, precisely the systems for which the nonlinear optical

measurements are being performed [2, 51–54]. Understanding nonlinear absorption

within such indirect approaches is also difficult. The advantages of π-electron ap-

proximation are that (i) an immediate connection to the rich physics of PCPs can

be made, and (ii) the dominant effects of e-e interactions in SWCNTs can be un-

derstood physically. However, it should be noted that the rollup of graphene sheets

means SWCNTs are not planar , and the π-orbitals are not aligned as in PCPs (Fig.

1.6). The resulting curvature effects (i) lead to the breakdown of the assumption of

σ-π separation for the narrowest SWCNTs, and, (ii) imply that even when the π-

electron approximation is suitable for the wide nanotubes, a smaller hopping integral

tij is needed than that in PCPs. More details of parametrization of the PPP model

Hamiltonian due to the curvature effects will be covered in Chapter 3.

The simplest π-electron model for the electronic and optical properties of SWC-

NTs is the one-electron tight-binding (TB) Hamiltonian [12],

H = −
∑

i6=j,σ

tij(c
†
iσcjσ + c†jσciσ), (1.4)

which is H1e in Eq. (1.1). Within this simple model, e-e interactions are ignored, and

the resulting one-electron bandstructures of SWCNTs are illustrated in Fig. 1.7. Due

to the finite diameters of SWCNTs, the reciprocal lattice vectors in the transverse

direction are quantized [12]. This results in multiple conduction and valence bands in

SWCNTs (Fig. 1.7(a)). In M-SWCNTs, the highest valence and the lowest conduc-

tion bands cross each other and the band gap is zero (Fig. 1.7(b)). In S-SWCNTs,

the lowest two band gaps are called E11 and E22 respectively (Fig. 1.7(c)). The ratio
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Figure 1.7. One-electron bandstructure of SWCNTs. (a) Complete band structure
of the (10, 0) S-SWCNT ; Schematic of the first two pairs of valence and conduction
bands for (b) M-SWCNT and (c) S-SWCNT.

of the two optical transition E22/E11 approaches 2 in wide nanotubes within the one-

electron theory [12]. Although one-electron theory can explain many basic features

of SWCNTs [12], inclusion of the many-body Coulomb interactions Hee is vital for

explaining the complete photophysics of SWCNTs [15,49,54–62]. The inapplicability

of the simple one-electron model as well as strong role of e-e interactions will become

obvious in discussions in the later chapters.

1.3 The Single Configuration Interaction Approximation within
the π-electron Model

As mentioned above, many-body Coulomb interactions are indispensable when study-

ing the photophysics of PCPs and SWCNTs. However, it is a notoriously difficult task

to take proper account of e-e interactions, especially for the large systems like PCPs

and SWCNTs. The theoretical calculations are therefore necessarily approximate.

One semiquantitative approach that has been popular employs an ab initio approach
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for the ground state, which is followed by the determination of the quasiparticle ener-

gies within the GW approximation and the solution of the Bethe-Salpeter equation of

the two-particle Green’s function [49, 50, 60]. This approach becomes difficult to im-

plement for chiral S-SWCNTs with large diameters and large unit cells, precisely the

systems for which the nonlinear optical measurements are being performed [2,51–54].

Scaling relationships for the exciton binding energies in wider chiral nanotubes have

therefore been proposed [57,59,63,64]. But understanding nonlinear absorption within

such indirect approaches is difficult. The π-electron theory is therefore taken as our

theoretical model.

A variety of approximation techniques, such as exact diagonalization (ED),

quantum Monto Carlo (QMC) [65] as well as density-matrix renormalization-group

(DMRG) [66,67], have been applied to PCPs and S-SWCNTs within π-electron model.

Unfortunately, ED works well only for small size systems within 14 ∼ 16 atoms. QMC

is good only for calculating the ground state problem of 1D π-conjugated systems.

In addition, QMC inherently involves the well-known minus-sign problem [68–70],

which poses fundamental limitation on its application. DMRG suffers from the fact

that it is not possible for large diameter systems [67]. Here we apply the single

configuration interaction (SCI) approximation technique to study the photophysics

of PCPs and SWCNTs, including linear and nonlinear optical excitation, field-induced

optical properties.

The configuration interaction (CI) [38, 71–73] procedure usually starts with

Hartree-Fock (HF) basis wavefunctions, which are called one-electron molecular or-

bital (MO) basis functions. SCI approximation only includes the configurations with

one electron excited from the HF ground state, and ignores all the higher order CI

with two or more electron excited. The correlated wavefunctions within SCI are then

linear combinations of all states in the basis. In a system with N sites and N elec-
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trons, the number of configurations within SCI increases as (N
2
)2. Even for a very

long chain, this number is relatively small. In addition, the error due to SCI approx-

imation is size consistent, which means the error does not increase dramatically with

system size.

Within SCI, the HF ground state |G〉 is decoupled from the HF MO single

excitations |χi→j〉 (i, j belongs to the HF valence, conduction band, respectively).

That is, the Hamiltonian (Eq. (1.1)) matrix element between them is 〈G|H|χi→j〉 = 0.

The many-body effects beyond HF are then computed within SCI approximation as

〈χi→j|H|χk→l〉. This technique looks quite limited because by definition it cannot

describe the states involving double or higher excitation, such as biexciton states,

which requires higher order CI. It therefore completely misses the well-known 2Ag

state, a two-exciton state, in the SCI calculations for PCPs. Indeed, when the problem

requires accuracy of Ag type subspace, SCI does poor job and multi-reference single-

double CI (MRSDCI) should be used [74], which on the other hand, is limited to

small systems within 50 atoms due to rapidly increased number of configurations

with the atom number N (∼ N4). In spite of the limitations mentioned above, it is

quite surprising that SCI has achieved remarkable success in certain energy regions

between the 1Bu state and the continuum band in PCPs as well as SWCNTs, and

thus captures the essential photophysics of them, as shown later in this thesis.

For photophysics of single-chain PCPs (no interchain interactions), Mazumdar

& Chandross pointed out in 1994 [75] that exact finite chain calculations show that

in the low energy region below the conduction band all states relevant for the nonlin-

ear optical processes are dominated by single electron excitations, and thus the SCI

approximation is reasonable. They showed that, although SCI missed the covalent

even-parity Ag states [76], both SCI and finite-chain calculations find that the optical

nonlinearity is determined almost entirely by the optically allowed odd-parity 1Bu
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exciton, a single dominant Ag exciton (the mAg) above 1Bu, and the threshold state

of the conduction band (the nBu). SCI captures the essential qualitative physics of

the energy region between the 1Bu exciton and the continuum band for single-chain

PPV. Chandross and Mazumdar then proved [77,78] that quantitative description of

the space between 1Bu and nBu for PPV can also be reached using SCI, provided

proper parametrization of the PPP Hamiltonian was done. For example, they were

able to fit the energies of all the four peaks in the absorption spectrum of Poly[2-

methoxy,5-(2’-ethyl-hexyloxy)-p-phenylenevinylene] (MEH-PPV), at 2.4, 3.7, 4.7 and

5.9 eV, respectively. In addition, they made correct predictions of the polarization

for all the peaks. They have also made predictions using SCI that the singlet exci-

ton binding energy is around 0.9±0.2 eV, which is confirmed by experiments [79–82].

Calculations by Abe [83] and Barford [6, 66] agree with their results.

The advantages of SCI are obvious: (i) it is easy to implement for arbitrary

size of system, such as SWCNT system with thousands of atoms [54, 61, 62, 84, 85];

(ii) the error of SCI is size -consistent, which means it does not increase dramatically

with the system size. We use SCI approximation throughout the calculations of

PCPs (with interchain interactions) as well as SWCNTs in this thesis. Our results

indeed reveal the fundamental picture and remarkable connection of photophysics of

PCPs [75, 77, 78, 83, 86–88] and SWCNTs [54, 61, 84, 85, 89].
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Chapter 2

Photophysics of π-conjugated polymers thin

films

As mentioned in Chapter 1, PCP thin films have been widely used in the optical

applications such as OLED as well as the PV devices. The understanding of the pho-

tophysics of thin-film PCPs is therefore greatly needed. There exists rich literature

on the photophysics of single-chain PCPs, such as PCPs in dilute solutions, where

oligomers are usually well-separated from each other and exhibit behavior charac-

teristic of single strands. In thin films the oligomers are often close to each other

and therefore exhibit behavior very different from solutions due to the interchain in-

teraction and disorder. As we point out in Section 2.2, this has led to enormous

controversies and confusions. The goal of this chapter is to explain the remarkable

difference in the photophysics of dilute solutions [4–6] and thin films of PCPs [7–9],

and establish the fundamental picture of the photophysics of PCPs thin films.

To achieve this goal, we first introduce the existing theory of the single-chain

behavior of PCPs [4,77,78,90] in Section 2.1 and discuss their essential optical states.

We start with the qualitative picture using the exact solution of simple 1D system

of linear polyenes, and later show the quantitative calculations for more complicated

PCP system of PPV, where exact diagonalization is not possible. We then list in

Section 2.2 the remarkable differences between the photophysics of solutions and thin

films, and the controversies in PCP thin films that have been puzzling for nearly

two decades. We introduce the extended two-chain PPP Hamiltonian for interacting
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chains in Section 2.3, where we show the theory of interchain interactions with a

simple system consisting of two ethylene molecules facing each other. We extend

our theory to arbitrary PCPs with interchain interactions and establish a picture of

“essential states” of PCP thin films in Section 2.4. We explain the controversies and

present our fundamental picture of PCP thin films in Section 2.5.

PCPs possess inversion symmetry (C2h), which is a two-fold rotation symme-

try about an axis through their center and normal to the plane of the molecules.

The eigenstate is then even or odd parity under inversion, and denoted Ag or Bu,

respectively. PCPs with bipartite lattices are also characterized by alternancy sym-

metry [6, 91]. Within the π-electron model, the alternancy symmetry corresponds to

the electron-hole or charge-conjugation symmetry (CCS) in which electron and hole

are interchanged [6, 38]. We label eigenstates of PCPs as nX, where n is the overall

quantum number, and X is Ag or Bu for even or odd parity. We do not specify the

CCS since it does not interfere with our fundamental picture of the photophysics of

PCPs.

2.1 Essential Optical States of Conjugated Polymers in Di-

luted Solutions

It has been quite puzzling that only a few states are visible in the linear and non-

linear optical experiments of PCPs [79, 80, 92–94], in spite of there being a huge

number of excited states within the one-electron TB theory. These few dominant

states have been termed “essential states” in the literature [4, 95]. Numerous works

in the literature [3–9] have pointed out that the photophysics of PCPs can only be

understood with intermediate magnitude of many-body Coulomb interactions, and

have demonstrated the exciton nature of the primary photoexcitation in PCPs. In
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Figure 2.1. (a) A polyacetylene chain of carbon atoms. Strong double bonds and
weak single bonds are shown. The chain can be considered as coupled ethylenic units
, as shown in the ovals, within exciton-basis. (b) Eigenstates 1Ag, 1Bu, 2Ag and 2Bu

of polyacetylene using MO basis and within one-electron TB theory. Only the highest
two occupied and lowest two unoccupied molecular orbitals are shown.

this section, we first introduce the model Hamiltonian and different basis sets. We

then proceed to demonstrate, using the exact diagonalization solution of the simple

1D PCP system of polyacetylene as example, the qualitative optical picture as well

as the essential optical states of PCPs in solutions [4, 90]. Finally we describe the

quantitative calculations for the more complicated PPV, where the exact solution is

impossible.

2.1.1 Model Hamiltonian and Different Sets of Basis

We describe the fundamental optical picture of PCPs within the π-electron PPP

Hamiltonian (Eq.(1.1)). We choose the intersite e-e interactions Vij as below, which

is similar to the Ohno form [96],

Vij =
U

κ
√

1 + 0.6117R2
ij

, (2.1)
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where κ is an effective dielectric constant that determines the magnitude of the in-

tersite e-e interactions, Rij is the the distance between atoms i and j in Å. The

parametrization of the model Hamiltonian of Eq. (1.1) and (2.1) is discussed later for

the quantitative calculations of PCPs.

The expression in Eq. (1.1) is within atomic basis or valence-bond (VB) basis

representation [97], which is a configuration space basis and very useful in the limit

of very strong e-e interactions (U → ∞) [4]. An alternative choice is the MO basis,

which, in contrast to the VB basis, is a momentum space basis and works best within

one-electron TB limit (U = 0) [4]. Our calculations within the SCI approximation,

discussed in Chapter 1, were done using MO basis. We briefly discuss the MO basis

in the following. Let us consider an arbitrarily long chain of polyacetylene with

alternating bonds, as shown in Fig. 2.1(a). In the noninteracting case (Eq. (1.4)),

the 1Ag, 1Bu, 2Ag and 2Bu state of this simple chain within MO basis are shown

schematically in Fig. 2.1(b).

Understanding of the photophysics of PCPs within the VB or MO bases is,

however, difficult because in either case for intermediate U wavefunctions are super-

positions of so many configurations that a simple physical interpretation is lost. It is

therefore necessary to introduce the exciton VB basis representation that is partic-

ularly suitable for the intermediate magnitude of the Coulomb interactions in these

systems [4, 90], as explained next.

2.1.2 Exciton Valence-bond Basis, Physical Picture of Nonlinear Optics

and Essential States

The exciton VB basis is a superposition of VB and MO basis, and offers the best

possible interpretations for realistic intermediate e-e interactions [4, 90]. Exciton VB
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Figure 2.2. (a) Electron transfers induced by HCT
inter. t1 and t2 are the intra-unit and

inter-unit hopping integrals, respectively. (b) The VB exciton basis diagrams for one
ethylene unit. Bonding and antibonding MOs of the two-level system are occupied
by 0, 1, and 2 electrons.

basis is also very useful to understand the interchain interactions in PCP thin films,

as shown in the later sections. The chief advantage of this technique is that physical,

pictorial descriptions of exact eigenstates are obtained, thereby making the relation-

ships between the excited states clear, and allowing us to extend the central concepts

to the long-chain polymeric limit. The details of the transformation, as well as the

justification, of the PPP Hamiltonian between the different sets of above basis have

been given by Chandross and Mazumdar [4, 90].

Within the VB exciton basis representation, we consider a polyacetylene chain

as coupled ethylenic units [98], as shown in Fig. 2.1(a). The PPP Hamiltonian can

then be rewritten as [4],

H =Hintra +Hinter

Hintra =Hee
intra +HCT

intra

Hinter =Hee
inter +HCT

inter

, (2.2)

where Hintra and Hinter describe the interactions within one ethylenic unit and the

interactions between units, respectively. Each of these two terms contains two parts,

the e-e interactions, and the charge transfer (CT) or the electron hopping. HCT
intra
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Figure 2.3. Exciton-basis diagrams for a two-unit oligomer. Singly occupied MOs
are paired as singlet bonds. Mirror-plane and charge-conjugation symmetries are
assumed.

describes the electron hopping within one unit. Its eigenstates simply correspond to

the bonding and antibonding MOs of the unit,

a†i,λ,σ =
1√
2
[c†2i−1,σ + (−1)(λ−1)c†2i,σ], (2.3)

where a†i,λ,σ creates an electron of spin σ in the bonding (λ = 1) or the antibonding

(λ = 2) MO of ethylene unit i. Hee
intra introduces CI between configurations within a

unit. HCT
inter contains three terms [4] corresponding to the electron hopping between,

(i) the bonding MOs of the neighboring units, (ii) the antibonding MOs of the neigh-

boring units, and (iii) the bonding MO of one unit and the antibonding MO of a

neighboring unit. These electron hoppings of HCT
inter are illustrated in Fig. 2.2(a).

Hee
inter also contains three different terms [4] corresponding to, (i) density-density cor-

relations, such as static Coulomb interactions between electrons within the same or

different MOs, (ii) products of density and electron hopping between MOs, and (iii)

products of two hopping terms.

The VB exciton basis is best understood pictorially. We therefore begin our

description with the simplest building blocks of the correlated wavefunctions of long

chains within the VB exciton basis. The VB exciton basis for ethylene are trivial,
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Figure 2.4. An example of a composite exciton basis diagram for N = 5.

and consist of only three diagrams, (i) doubly occupied bonding MO and empty

antibonding MO, (ii) singly occupied bonding and antibonding MOs, (iii) empty

bonding MO and doubly occupied antibonding MO, as illustrated in Fig. 2.2(b). The

following convention has been adopted for exciton basis diagrams. A line denoting

a singlet bond is constructed between spin-bonded singly occupied MOs, since there

is equal probability of each MO being singly occupied by an up or down spin. We

go beyond one unit case and illustrate the exciton basis for the two-unit case in

Fig. 2.3 [4, 90], The C2h as well as CCS are assumed in Fig. 2.3, therefore a single

diagram is used to represent the full set of diagrams related by C2h and/or CCS.

The diagram (a) in Fig. 2.3 is the product wavefunction of the ground states of two

noninteracting units, which can be easily generalized to many-unit case and is referred

to hereafter as the Simpson ground state [98]. The exciton basis for a many-unit

chain is then an extension of the two-unit case. In general, for a physical description

of optical processes, it is necessary to understand only up to two electron-two hole

(2e-2h) excitations, even for the N -unit chain with N ≫ 2 [4]. All the many-electron

diagrams for the N -unit chain with two or fewer excitations can constructed by taking

the direct product of the (N − 2)-unit Simpson ground state diagram and the one- or

two-electron excitations of Fig. 2.3, with the understanding that the locations of the

electrons and holes are now arbitrary [4]. An example of such a composite diagram

is shown for N = 5 in Fig. 2.4.

Chandross and Mazumdar [4,90] have shown that, within the VB exciton basis,
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Figure 2.5. The nonlinear optical channels of PCPs in solutions within the exciton
basis. The channel involving the single excitations (mAg and nBu) is the dominant
channel.

the nonlinear optical channels can be summarized schematically as in Fig. 2.51, which

is valid for the intermediate coupling regime appropriate for PCPs. Because the exact

solution for larger systems turned out be very difficult, they chose a N = 5 finite

polyene chain. From the wavefunctions of the exact solution, the above schematic

figure (Fig. 2.5) was constructed. The transition dipole coupling operator only allows

optical excitations between states with different parities [99], Ag ⇔ Bu.

We discuss the nonlinear optical channels of PCPs in dilute solutions in Fig.

2.5. Optical absorption from the ground state 1Ag leads to the 1Bu exciton, which

is dominated by single-electron excitations, both within a unit as well as with short

distance CT. There are multiple options for the second step in the optical process.

The first possibility is returning to the ground state. Other than that, the creation

of a second excitation on the same or a neighboring unit can lead to the 2Ag or the

biexciton state, while a second excitation far from the first gives the threshold of

1Figure 2.5 is taken from Ref. 90.
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Figure 2.6. Schematics of two types of excitations within VB exciton basis. Ar-
row denotes electron hopping between MOs. (a) Excitations across the gap between
bonding and antibonding MOs. (b) Excitation between antibonding (bonding) MOs.
No gap crossing is involved here.

the two-exciton continuum. In addition to the above processes, further CT of the

single-electron excitation leads to an even-parity state that has been referred to as

the mAg, with m an unknown quantum number. The mAg is therefore a simple CT

exciton with the electron-hole separation larger than in the 1Bu exciton, and distinct

from the biexciton. Further absorption and charge separation from the mAg leads to

the nBu continuum threshold, characterized by a pair of well separated electron and

hole.

Within VB exciton basis there are two different types of excitations, as il-

lustrated in Fig. 2.6, one (type I) involves transition across the bonding and the

antibonding MOs while the other (type II) does not. Therefore the energy differ-

ence ∆E between the initial and final MOs is ∆E > 0 for type I excitation and

∆E ∼ 0 for type II. The relation between the transition dipole coupling µ and ∆E

is µ ∼ t2/∆E, where t is the hopping integral. This implies type II excitations have

much larger µ than that of type I. Therefore, Chandross and Mazumdar [4] have

determined that the mAg has strongest dipole coupling with the 1Bu, while the nBu

is strongest coupled to the mAg. In both cases, the strongest coupling is higher by

1 – 2 orders of magnitude than the second strongest one. They thus expected the

mAg and the nBu states to be visible in the nonlinear optical experiments, such as

third harmonic generation (THG), electroabsorption (EA), photoinduced absorption
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(PA) and two-photon absorption (TPA). This does not imply that other even-parity

states would be completely invisible, but rather that the extent of their participation

in the nonlinear optical process would be weak. The experimentally visible optical

states in the low energy region, namely 1Bu, mAg and nBu, are therefore referred to

as essential optical states of PCPs from now on.

2.1.3 Quantitative Calculation of PPV

We have demonstrated in the above the qualitative picture of the photophysics of

single-chain PCPs, using the simple 1D PCP system of polyacetylene. Most PCPs

have more complicated structures with larger unit cells (Fig. 1.1), and thus the exact

solution of the many-body Hamiltonian of Eq. (1.1) is inaccessible, even for a few

unit cells. Chandross and Mazumdar [77, 78] showed that similar qualitative picture

as above can be reached from the quantitative calculations with SCI approximation

of a more complicated PCP system of PPV (Fig. 1.1(e)). The justification of the

SCI approximation is based on Fig. 2.5. The essential optical states 1Bu, mAg and

nBu, are all dominated by single excitations [4, 90]. Hence, it is natural to guess

that the energy region spanned by these states can be obtained through SCI. As

demonstrated below, Chandross and Mazumdar [77,78] have shown that, with proper

parametrization of Eq. (1.1) and (2.1), the quantitative description of the space

between 1Bu and nBu for PPV can be reached using SCI.

We first describe the parametrization of Eq. (1.1) and (2.1), in the case of

PPV, by Chandross and Mazumdar [77, 78]. They consider the standard hopping

integral tij = t = 2.4 eV among the phenyl carbon atoms, and tij = t1 (t2) = 2.2

(2.6) eV for the single (double) bonds of the vinylene linkage. Within the standard

Ohno form [96], the Coulomb parameters in Eq. (2.1) are U = 11.13 eV and κ = 1.
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Figure 2.7. (a) Experimental absorption spectrum of MEH-PPV (solid line) and the
calculated absorption spectrum (dashed line) for an eight-unit oligomer with U = 8
eV and κ = 2. (b) The energy spectrum of an eight-unit oligomer of PPV with U = 8
eV and κ = 2.

Unlike the Ohno parametrization, however, Chandross and Mazumdar [77] considered

5 values of U = 2.4, 4.8, 6, 8, 10 eV and 3 values of κ = 1, 2, 3, and only with U = 8 eV

and k = 2 they could reproduce the experimental absorption spectrum of MEH-PPV,

as shown in Fig. 2.7(a)2.

Their energy spectrum [77] for an eight-unit oligomer of PPV with U = 8.0

eV and κ = 2 is shown in Fig. 2.7(b), where 1Bu, mAg and nBu states are labeled

and their energies are given. According to Fig. 2.5 and 2.7, the mAg gives the lower

bound to the conduction band threshold. Therefore, the experimental location of the

mAg state gives a lower limit of the exciton energy [4, 77, 78, 90]. Their calculated

estimate for the singlet exciton binding energy [77] was ∆Es = 0.9±0.2 eV, which has

been supported by two-photon fluorescence spectroscopy [79], EA [80, 92], TPA [93]

and ultrafast PA [94]. Similarly, their estimate for the triplet exciton PA energy [77]

was ∆ET = 1.4 − 1.5 eV, which has been supported by triplet PA [80, 100]. Their

estimate for the absolute energy of the lowest triplet exciton was also supported by

2Figure 2.7(a) and (b) are taken from Ref. 77.
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experiment using pulse radiolysis and triplet energy transfer [101]. In addition, their

prediction [78] of the polarizations of the absorption spectrum of PPV is consistent

with the experiments, as shown in Appendix B. All of the above strongly indicate

that, with the proper parametrization, SCI indeed captures the essential quantitative

photophysics of single-chain PPV within specific energy range.

In addition to the mAg, a higher energy two-photon state, labeled as the kAg,

also becomes visible in the nonlinear absorption [102]. The kAg state is absent in PCP

systems with simple unit cell, such as polyacetylenes and polydiacetylenes, and shows

up only in those with unit cell containing phenyl group, like PPP and PPV. We do

not focus on the kAg here since it requires higher order of CI in the calculations [102].

2.2 Controversies regarding Photophysics of Conjugated Poly-
mer Thin Films

As mentioned previously, the photophysics of PCP thin films, such as derivatives

of PPP, PPV and PFO, are often remarkably different from that of dilute solutions

[7–9], which is due to interchain interaction and disorder in the systems. Microscopic

understanding of the consequences of interchain interaction has remained incomplete

even after intensive investigations. One reason for this is that the experimental results

themselves are controversial (see below). A second reason is that while theoretical

works on interchain interactions have examined a variety of issues [103–108], relatively

few authors [109–113] have investigated the interchain species that dominate thin film

photophysics [7–9].

Before the description of the controversies, we first briefly introduce our termi-

nology. We will discuss many different excitations, which are illustrated in Fig. 2.8.

A polaron is a quasi-particle formed when a charge (electron or hole) induces a local
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Figure 2.8. Schematics of (a) a polaron, (b) a polaron-pair, (c) an exciton, and (d)
an excimer in the real space. The lines denote PCP oligomers and the ovals indicate
the e-h Coulomb attraction.

distortion. This distortion may extend several atomic spacings from the charge. One

of the consequences of interchain interactions is the formation of polaron-pairs, which

are bound electron-hole (e-h) pairs between the neighboring chains due to the e-e

interactions among them. They become free polarons when the electron and the hole

are far from each other and e-e interactions is negligible. Excitons are bound e-h

pairs within the same chain, such as the 1Bu states mentioned above. Excimers are

superpositions of the pure states of exciton and polaron-pair.

We now list the different behaviors of solutions and thin films below, under

two experimental categories “photoluminescence (PL)” and “PA”,

(A) PL.

• The QE of PL of PCPs in thin films and in poor solvents is greatly re-

duced compared to that in the dilute solutions [7, 114], as shown in Fig.

2.9(a)3. This was shown by studying the PL spectra of polymers dissolved

in mixtures of miscible good and poor solvents, and with the observation

that the behavior of PCPs in poor solvent is nearly identical to that of

3Figure 2.9(a) and (b) are taken from Ref. 7.
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Figure 2.9. (Color) Schematics of (a) PL spectra and (b) PL decay dynamics of
MEH-PPV in mixed toluene/hexane solutions. The percentage in the legend denotes
the fraction of toluene by volume. In the extreme cases of essentially isolated versus
highly aggregated, the emission spectra are quite different. The intermediate mixed
solvent case appears to be linear superpositions of the extreme cases. In (a) the fit is a
linear combination of the 10 % and 100 % spectra. In (b) a single 0.45 ns exponential
decay is shown for reference.
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Figure 2.10. Delayed PL of methyl-substituted ladder-type poly-para-phenylene
(MeLPPP) 100 ns after the laser flash, with upper curve (with squares) in the absence
of external electrical field F and lower curve (thin line) in nonzero field F.

Figure 2.11. Ultrafast PA spectra of (a) DOO-PPV in dilute solution and (b)
pristine MEH-PPV film cast from toluene solution. The inset in (b) shows the polymer
backbone structure. SE and PB are stimulated emission and photobleaching of the
absorption, respectively.
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thin films [7,114]. As noted in Fig. 2.9(a), there is also a rigid red shift of

∼ 0.15 eV between the extreme cases of essentially isolated versus highly

aggregated oligomers.

• The PL decays of PCPs in thin films and in poor solvents are non-exponential,

in contrast to that of solutions [7, 115–118]. This is demonstrated in Fig.

2.9(b), where an exponential line is shown for reference. The PL decay of

thin-film PCPs has a long-lived tail, that lasts until milliseconds or longer

after photoexcitation [7, 115, 118]. This is also seen in Fig. 2.9(b), and

referred to as persistent PL [118] or delayed PL [116,117].

• There occurs strong quenching of the delayed PL upon applying an external

electric field to the PCP thin films [8, 116, 117], as shown in Fig. 2.104.

The delayed PL instantaneously recovers after the external field is removed

[121].

(B) PA.

• Two distinct PAs, as shown in Fig. 2.11(a), are seen in ultrafast spec-

troscopy of PCPs in solutions [119]. In the case of solutions as well as films

with weak interchain interactions, such as dioctyloxy-poly-paraphenylenevinylene

(DOO-PPV) [119], the low energy PA1 appears at a threshold energy of

0.7 eV and has a peak at ∼ 1 eV, while the higher energy PA2 occurs at ∼
1.3 – 1.4 eV. PLs are optical emissions from the photo-excited states, while

PAs are optical excitations from those already excited states. PA and PL

decay dynamics will be exactly the same if they are from the same excited

states. Comparison of PA and PL decays [119], as well as other nonlinear

spectroscopic measurements [92] have confirmed that these PAs and PLs

in single strands are from the 1Bu optical exciton. In contrast, PA decays

4Figures 2.10, 2.11(a) and (b) are taken from Ref. 117, 119 and 120, respectively.
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Figure 2.12. PA and PL decay dynamics of MEH-PPV thin film. (a) PA dynamics
at 1.55 and 0.29 eV probe energy. The solid line is a biexponential fit to the 0.29
eV dynamics with τ1 ∼ 10 ps and τ2 ∼ 1.2 ns. (b) PL dynamics taken with a streak
camera for comparison with PA dynamics.

in PCPs with significant interchain interactions (for example, MEH-PPV)

are uncorrelated to that of the PL [7, 81], which is shown in Fig. 2.125.

As noted there, the PA dynamics of MEH-PPV thin film consist of a fast

and a slow component. The solid line in Fig. 2.12(a) is a biexponential fit

with a short-time constant around 10 ps and a long-time constant around

1.2 ns. For comparison, Fig. 2.12(b) depicts the PL decay dynamics of

MEH-PPV thin film as measured by a steak camera with ∼ 20 ps resolu-

tion. The obvious difference between PA and PL decay dynamics strongly

indicates that PAs of the films with strong interchain interactions are from

a different origin other than 1Bu exciton.

• Sheng et al. in their recent experimental work have successfully extended

femtosecond (fs) PA measurements in films and solutions to wavelength

5Figure 2.12 is taken from Ref. 82.
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regions that were previously inaccessible [120]. The authors have detected

a new relatively weak PA, which they label P1, at ∼ 0.35 – 0.4 eV in MEH-

PPV thin films [120], as shown in Fig. 2.11(b). P1 has not been observed

in MEH-PPV in dilute solutions. In addition, similar PA1 and PA2 as in

dilute solutions are observed in thin film. P1 and PAs are detected within

fs time scale.

In the above we have listed the different behaviors of PCPs in the films compared with

those in dilute solutions. The reduced QE of PL in films, nonexponential time decay

of PL, delayed PL lasting until milliseconds, and electric-field induced quenching

of the same are often cited as evidence for the polaron-pair [7–9]. To explain the

different PA and PL decay dynamics of PCP thin films, it has been also claimed

that PAs of films with strong interchain interaction such MEH-PPV originates from

the polaron-pair [7, 81]. However, the polaron-pairs according to this theory come

from the disassociation of the optical excitons into different PCP oligomers, which is

a two-step process requiring both time and energy. This is in contradiction to the

observation of infrared active vibrations (IRAV) in MEH-PPV in fs time scales [122],

which suggests instantaneous generation of polaron-pairs. Therefore the mechanism

of the formation of polaron-pairs is unclear [123].

The recent detection of P1 as well as PAs in PCP thin films by Sheng et al.

has contributed further to the mystery. The authors ascribe P1 to free polaron ab-

sorption due to its small excitation energy, and PA1 and PA2 to the 1Bu exciton

absorption since they look similar to those observed in dilute solutions. They sug-

gest instantaneous photogeneration of both free polarons and excitons considering the

simultaneous detection of P1 as well as PA1 and PA2. This could happen only if pho-

toexcitations from the ground state result in both interchain and intrachain species at

the same time. Such branching of photoexcitations would be in agreement with pre-
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vious claim of the observation of IRAV in fs [122], but is difficult to reconcile with the

large exciton binding energies deduced from PA1 energy [92, 95, 119, 124]. The large

exciton binding energies means that free polarons occur at much higher than the ex-

citon. In such a case, generation of free polarons at the excitation energy of excitons

is not expected. In addition, the relationship of instantaneous generation of free po-

larons with the polaron-pair picture mentioned above is also not clear. Surprisingly,

the energies of PA1 and PA2 are almost independent of the occurrence of P1, which

suggests that interchain interactions do not affect the location of PA1 and PA2. The

explanation that PAs in PCP films originate from excitons would appear to be in con-

tradiction to the polaron-pair picture [7,81], where the PAs in PCP films are from the

polaron-pairs. These two pictures agree only if PAs from the polaron-pairs and from

the excitons occur at the same energies. What’s more, instantaneous photogenera-

tion of polarons is in disagreement with microwave conductivity measurements [125]

and THz spectroscopy [126], which find negligible QE for polaron generation in both

solutions and thin films. Taken together, the above experiments indicate the strong

need for systematic theoretical work on the photophysics of interacting PCP chains.

In the following sections, starting from a microscopic π-electron Hamiltonian,

we describe our theory of the electronic structure and photophysics of interacting

chains of π-conjugated polymers to understand the differences between solutions and

films [88]. We determine the complete energy spectrum of two interacting PCP chains.

We find a 1:1 correspondence between the “essential states” that determine the pho-

tophysics of single strands [83,95,102,124,127,128], discussed in the previous section,

and the dominant excited states, including excited interchain species, in films. We are

able to explain consistently, (i) the branching of photoexcitations; (ii) the peculiarities

associated with PL, including the reduced QE of PL in films, nonexponential time de-

cay of PL, delayed PL lasting until milliseconds, and electric-field induced quenching

of the same; and (iii) ultrafast PA over the complete experimental wavelength region
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for PCP films including particularly, the origin of P1.

2.3 Extended Model Hamiltonian and Simple Case of Two
Ethylene Molecules

2.3.1 Extended Two-chain PPP Hamiltonian

We present our results and theory of the photophysics of PCP thin films within

an extended two-chain PPP Hamiltonian [39, 40]. We label the two PCP chains as

oligomer ν = 1, 2. The full Hamiltonian can be written as,

H = Hintra +Hinter, (2.4)

where Hintra and Hinter correspond to intra- and interchain components, respectively.

We first introduce Hintra, which only considers the electron interactions within

the same oligomer. Hintra for each oligomer is the same as the single-chain Hamilto-

nian of Eq. (1.1). We rewrite it here because an extra index, the oligomer index ν, is

needed. It is written as,

Hintra = H1e
intra +Hee

intra (2.5)

H1e
intra = −

∑

ν,〈ij〉,σ

tij(c
†
ν,i,σcν,j,σ +H.C.) (2.6)

Hee
intra = U

∑

ν,i

nν,i,↑nν,i,↓ +
∑

ν,i<j

Vij(nν,i − 1)(nν,j − 1) (2.7)

where c†ν,i,σ creates a π-electron of spin σ on carbon atom i of oligomer ν (ν = 1,

2), nν,i,σ = c†ν,i,σcν,i,σ is the number of electrons on atom i of oligomer ν with spin σ

and nν,i =
∑

σ nν,i,σ is the total number of electrons on atom i. The hopping matrix

element tij = t in the above is restricted to nearest neighbors and in principle can
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contain electron-phonon interactions, although a rigid bond approximation is used

here. U and Vij are the on-site and intrachain intersite Coulomb interactions. We

parametrize Vij the same as that of of single-chain PCPs (see Section 2.1), and choose

U = 8 eV and κ = 2.

In contrast, Hinter considers the electron interactions between the nearest

neighboring oligomers. In the two-chain case, we write Hinter as

Hinter = H1e
inter +Hee

inter (2.8)

H1e
inter = −t⊥

∑

ν<ν′,i,σ

(c†ν,i,σcν′,i,σ +H.C.) (2.9)

Hee
inter =

1

2

∑

ν<ν′,i,j

V ⊥
ij (nν,i − 1)(nν′,j − 1) (2.10)

In the above, t⊥ is restricted to nearest interchain neighbors and should be smaller

than the intrachain hopping integral t due to weaker overlaps of the π-orbitals. The

overlaps is weaker because, (i) the orientation of π-orbitals makes the overlaps along

the chain direction strongest (see Fig. 1.2), and (ii) the distance between the nearest

sites on different chains are larger than those on same chain [7]. We choose V ⊥
ij of

the same form as in Eq. (2.1) of single-chain PCPs, but with a background dielectric

constant κ⊥ ≤ κ [109–113].

In the small systems where the MRSDCI applies, we have compared the results

within our extended two-chain Hamiltonian between the SCI and the MRSDCI, and

found that the qualitative picture of PCP thin films we have reached remains intact.

We thus continue to use SCI method throughout our two-chain calculations [88]. As

shown in the following sections, same as in the single-chain case, the SCI technique

also captures the essential photophysics of PCPs with interchain interactions.
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Figure 2.13. (a) Schematic of two ethylene molecules on top of each other. The
numbers besides the carbon atom are the site indices. (b) The one-excitation space of
two weakly interacting oligomers. For each oligomer one bonding and one antibonding
MO is shown, with singlet bonds between singly occupied MOs.

2.3.2 Valence-bond Diagrams of Two Weakly Interacting Oligomers

To get a physical understanding of the effect of Hinter, we begin with the case of two

ethylene molecules within the TB limit of U = Vij = 0, using the VB exciton-basis

diagrams mentioned in previous section. The two molecules are placed one on top

of the other such that the overall structure has a center of inversion, as shown in

Fig. 2.13. The ethylene MOs are the same as in Eq. (2.3). The difference is that we

now operate on the exciton VB diagrams with Hinter instead of Hintra, and use the

interchain hopping instead of the previous inter-unit hopping (Fig. 2.2(a)). Therefore

the VB exciton-basis diagrams of above case are exactly the same as shown in Fig.

2.3. The spin singlet one-excitation space for the two molecules consists of the four

spin-bonded VB exciton-basis diagrams, as shown in Fig. 2.13(b). We refer to the two

intramolecular excitations |exc1〉 and |exc2〉 as excitons (we ignore for the moment

that true excitons require nonzero U and Vij); the other two excitations, |P+
1 P

−
2 〉 and

|P−
1 P

+
2 〉, consist of charged molecules and are the polaron-pairs. The exciton and
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Figure 2.14. Eigenstates of (a) Hintra only with Hinter = 0, (b) Hintra + Hee
inter,

and (c) total H , respectively. Solid lines, dipole-allowed optical exciton; dashed line,
dipole-forbidden optical exciton; dot-dashed lines, excimers; dotted lines, polaron-
pairs. The characters of the final four states are the same for arbitrary PCPs, even for
nonzero U and Vij and excited states far from the optical edge. The P1 photoinduced
absorption from the lowest excimer is indicated.

polaron-pair wavefunctions are given by,

|exc1〉 =
1√
2
a†2,1,↑a

†
2,1,↓(a

†
1,1,↑a

†
1,2,↓ − a†1,1,↓a

†
1,2,↑)|0〉 (2.11)

|P+
1 P

−
2 〉 =

1√
2
a†2,1,↑a

†
2,1,↓(a

†
1,1,↑a

†
2,2,↓ − a†1,1,↓a

†
2,2,↑)|0〉 (2.12)

The dipole operator µ is written as,

µ = e
∑

ν,i

rν,i(nν,i − 1), (2.13)

where rν,i and nν,i give the location and electron number of atom i on oligomer ν. By

definition the dipole operator forbids optical transitions between neutral and purely

charged states. The eigenstates of Hintra with Hinter = 0 are shown schematically

in Fig. 2.14(a). The ground state in our SCI calculations is always a purely neutral

state. The two degenerate exciton states are dipole-allowed from the ground state

and occur below the degenerate polaron-pair states, which are dipole-forbidden from

the neutral ground state.

We now discuss the effects of interchain interactions. In general, nonzero Hinter

mix these pure states of exciton and polaron-pair to give excimers. We show this effect
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Figure 2.15. Schematics of the relation between the excitation energy of P1 ab-
sorption and the strength of interchain interactions. The notation of the lines is the
same as in Fig. 2.14. +/- denotes the parity of the states. The states in the ovals are
mixed by nonzero H1e

inter, while the others remain unaffected in the symmetric case.
P1 is from the lowest excimer to unaffected polaron-pair. Hee

inter is relatively (a) weak,
(b) medium, and (c) strong, respectively, in the three cases.

by first considering the H1e
inter = 0 limit. Matrix elements of Hee

inter are zero between

|P+
1 P

−
2 〉 and |P−

1 P
+
2 〉 but nonzero between |exc1〉 and |exc2〉,

〈exc1|Hee
inter|exc2 〉 =

1

2
(V13 + V24 − V14 − V23), (2.14)

where Vij is the interchain Coulomb interaction and the site indices i, j are shown in

Fig. 2.13(a). This indicates that while the polaron-pair states are still degenerate for

Hee
inter 6= 0, the exciton states form new nondegenerate superposition states |exc1〉 ±

|exc2〉. This is shown schematically in Fig. 2.14(b). For now we point out that the

dipole operator µ couples the ground state to only the even parity exciton state, since

there is an exact cancellation within matrix element 〈G|µ|exc1 − exc2〉.

Next we switch onH1e
inter, which mixes the two odd superposition states |exc1〉−

|exc2〉 and |P+
1 P

−
2 〉−|P−

1 P
+
2 〉, to give the two excimer states in Fig. 2.14(c). From the

expression for µ, both excimers are dipole-forbidden from the ground state since they
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are superpositions of dipole-forbidden components. The optical exciton |exc1〉+|exc2〉
and the polaron-pair |P+

1 P
−
2 〉 + |P−

1 P
+
2 〉 are not affected by H1e

inter in this symmetric

case. We make important observations here, (i) the lowest state is always an excimer

regardless of the strength of Hinter, as shown in Fig. 2.15; (ii) the transverse compo-

nent of µ, perpendicular to the molecular axes, couples the two excimer states with

the polaron-pair state, indicating allowed optical transition from the lower excimer

to the polaron-pair. In particular, this dipole moment comes from the polaron-pair

component in the wavefunction of excimer, since optical transition is only allowed

between purely charged (or purely neutral) states. We later show that the coupling

between the lowest excimer and the polaron-pair is the origin of P1 in the ultrafast

PA experiments in PCP thin films.

In Fig. 2.15, we demonstrate the relation between the excitation energy of

P1 absorption and the strength of interchain interactions. In the H1e
inter = 0 limit,

the strength of Hee
inter determines the relative location of polaron-pairs to the excitons

in energy. As show in Fig. 2.15(a), (b) and (c), the polaron-pairs are higher, in-

between and lower than the excitons with relatively weak, medium and strong Hee
inter,

respectively. With nonzero H1e
inter, this results in different excitation energy of P1.

The oscillator strength is proportional to the excitation energy, therefore the strength

of P1 is a direct measure of interchain interactions.

2.4 Effects of interchain interactions and Essential Optical
States of PCP thin films

In this section, we go beyond the simple case of two ethylenes and extend our theory

to arbitrary PCPs with Hinter. We choose PPV, which has a much more complicated

unit cell, to illustrate out results. The schematics of two examples of the arrangements
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Figure 2.16. Schematics of two PPV oligomers facing one another (a) with and (b)
without inversion symmetry. Dashed lines indicate that the end carbon atoms are
perfectly aligned. The number of units can vary.

of PPV oligomers facing each other is shown are shown Fig. 2.16. Disorders in the

systems means the system of the two nearest-neighbor PCP oligomers can placed with

or without inversion symmetry C2h. We therefore present our results using the two

arrangements of PPV oligomers, as in Fig. 2.16(a) and (b), with and without inversion

symmetry, respectively. In particular, we make the two PPV oligomers in the latter

case different in length, which should be common in real disordered systems. We

make the following observations on the effects of the interchain interactions in these

two cases.

In our previous two-chain system of two ethylenes facing one another, discussed

in the above section, each chain is just an ethylene molecule. Therefore we only have

two MOs for each chain in the Hee
intra = Hinter = 0 limit. As we make each chain a

more complicated PCP oligomer, its band picture changes accordingly into a multi-

level structure. This is shown schematically in Fig. 2.17(a) for two identical long PCP

oligomers. The four lowest single excitations, across the highest occupied and lowest

unoccupied MOs (HOMOs and LUMOs), are the same as those in the two-ethylene
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Figure 2.17. VB exciton-basis diagrams of two identical PCP chains. C1 (2) is for
chain 1 (2). HOMOs and LUMOs denote the highest occupied and lowest unoccupied
MOs, respectively. We show here the diagrams of (a) the ground state, and the one-
excitation space across the pairs of (b) HOMO and LUMO, and (c) (HOMO-1) and
(LUMO+1), with singlet bonds between singly occupied MOs. The excitations in (b),
(c) are interchain (upper diagram) and intrachain (lower diagram) excitations, and
result in polaron-pairs and excitons, respectively. The polaron-pairs and excitons in
(c) is higher in energy than the corresponding ones in (b).

case (see Fig. 2.17(b)). In particular, the two interchain excitations in the row above

are the polaron-pairs, and the intrachain ones in the below are the excitons. Similarly,

higher energy single excitations involving arbitrary pairs of MOs also result in two

polaron-pairs and two excitons, and an example of such higher energy one-excitation

space across pairs of (HOMO-1) and (LUMO+1) is illustrated in Fig. 2.17(c).

2.4.1 With Inversion Symmetry

We now make the following observations for the symmetric case, shown in 2.16(a),

from our calculations.

(i) We first consider the the limit of Hee
intra = 0 and describe the effects of

Hinter on the four lowest energy one-excitations , illustrated in Fig. 2.17(b). These

four lowest energy one-excitations are split by Hinter to give four similar eigenstates
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as before (see Fig. 2.14(c)), including one exciton, one polaron-pair and two excimers.

Again the lowest state is always an excimer. The even or odd superpositions induced

by Hinter are also the same as before. This suggests that the same mechanism of

Hinter effects demonstrated in Fig. 2.14 for two ethylenes also applies here. Wu and

Conwell [110], and Meng [111] had arrived at the same conclusion for a simpler Hee
inter.

We have confirmed this for Hinter in Eq. (2.8) from our SCI calculations for long PPV

oligomers (i.e., two eight-unit PPV oligomers facing each other). In order to identify

wavefunctions as polaron-pair, excimer, etc., we choose an orbital set consisting of

the canonical Hartree-Fock orbitals of the individual molecular units, and perform the

SCI calculations using these localized MOs. The localized basis allows calculations of

ionicities of individual oligomers. The expected ionicities are 0 and 1 for the exciton

state and the polaron-pair state, respectively, and fractional for the excimers. We have

verified that the allowed optical transition from the lowest excimer to the polaron-pair

in Fig. 2.14 persists in these long oligomers.

(ii) In the limit ofHee
intra = 0, the effects ofHinter on the higher energy single ex-

citations involving arbitrary pairs of MOs of PCP oligomers, such as the one-excitation

space demonstrated in Fig. 2.17(c), are similar to above. Again Hinter splits these

four higher energy excitations, two polaron-pairs and two excitons, into one exciton,

one polaron-pair and two excimers with the lowest state an excimer. Note that both

the interchain as well as the intrachain species here are in their excited states, e.g.,

the excited (higher energy) polaron-pair and exciton. Therefore the resulting states

such as excimers are also in their corresponding excited states. Again, we have veri-

fied this from SCI calculations involving highly excited pairs of MO configurations of

PPV oligomers, using the localized basis.

(iii) The results of (i) and (ii) indicate that in the limit of Hee
intra = 0 but

Hinter 6= 0, the two-chain energy spectrum consists of a series of overlapping energy
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Figure 2.18. Schematics of energy manifolds of PCPs with complete two-chain
Hamiltonian in symmetric case. (a) There exist four correlated two-chain eigenstates
in one energy manifold, one exciton , one polaron-pair and two excimers. The no-
tation of the lines is the same as in Fig. 2.14. (b) We use a block to represent one
manifold with the four states. (c) The two-chain energy spectrum consists of a series
of overlapping energy manifolds.

manifolds, with each manifold containing an exciton, a polaron-pair and two excimers

as well as the lowest state an excimer, as in Fig. 2.14(c). Until now, we have been

considering theHee
intra = 0 limit, and four MO configurations at a time. We now switch

on the Hee
intra, and consider the full excitation spectrum of the complete two-chain

Hamiltonian. Since excited eigenstates of the completeHintra are superpositions of the

noninteracting single-chain excitations described in (ii), it follows that corresponding

to each excitation of the complete intrachain Hamiltonian, there occur a set of four

correlated two-chain eigenstates, whose characteristics are exactly the same as the

four final states in Fig. 2.14(c). In particular, we look at the essential optical states

in single-chain PCPs, the 1Bu and the mAg. As mentioned in Section 2.1, PAs

in single-chain PCPs are dominantly from the 1Bu to a two-photon state the mAg

[83,95,102,124,127,128]. Our conjecture suggests that exactly as near the 1Bu, there

occur a pair of excimers and a polaron-pair near the mAg, even though these are two-
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manifold j Ej (eV) Ionicity µj,G µj,i

2 (2) 2.77 (2.67) 0.06 (0.26) 0 —

1Bu 3 (4) 2.83 (2.81) 0 (0) 6.52 (6.52) —

5 (5) 3.00 (3.00) 1 (1) 0 0.99(2.04)a

6 (8) 3.02 (3.12) 0.94 (0.74) 0 —

4 (3) 2.92 (2.81) 0.08 (0.29) 0 —

2Ag 7 (7) 3.06 (3.06) 0 (0) 0 —

8 (9) 3.12 (3.12) 1 (1) 0 —

9 (10) 3.14 (3.24) 0.92 (0.64) 0 —

14 (11) 3.39 (3.26) 0.18 (0.38) 0 6.66 (6.91)b

mAg 16 (15) 3.42 (3.42) 0 (0) 0 6.83 (6.83)b,c

18 (19) 3.52 (3.46) 1 (1) 0 7.68 (7.68)b

20 (26) 3.55 (3.67) 0.82 (0.55) 0 7.41 (6.69)b

Table 2.1. SCI excited states of two symmetrically placed 8-unit PPV oligomers for
κ⊥ = 2, t⊥ = 0.03 (0.1) eV. Here j and Ej are quantum numbers (without considering
symmetry) and energy, respectively. Ionicity is the charge on the chains; µj,G and µj,i

the transition dipole couplings between state j and the ground state, and between
excited states, respectively. Numbers in parentheses are for t⊥ = 0.1 eV.

ai=2. bAll dipole couplings are with states in lowest manifold near 1Bu with the same character
(see text). c The mAg.

photon and not one-photon states. We speculate that similar energy manifolds persist

for arbitrary Hintra. This conjecture has been verified within our SCI calculations

for the complete two-chain Hamiltonian, including all one-excitations and using the

localized MO basis set. All these are schematically illustrated in Fig. 2.18 and more

details are described in the following.

We have summarized our calculated SCI results in Table 2.1 for two interacting

symmetrically placed parallel PPV oligomers at a distance of 0.4 nm from each other.

Identification of excitons, polaron-pairs and excimers from their ionicities, as well as

the their energy manifolds from the pairs of MOs involved in the excitations, are

possible even at higher energies using localized MO basis set. The states in the table
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are grouped in blocks according to the manifold they belong to, and we can clearly

see the pattern of an exciton, a polaron-pair and a pair of excimers in each manifold.

We compare the wavefunctions of the 2-chain exciton in each manifold with that of

the corresponding single-chain exciton, and label the manifolds in Table 2.1 as the

1Bu, 2Ag and mAg manifold, respectively, from top to bottom.

Table 2.1 also lists relevant transition dipole couplings. Only the exciton state

in the 1Bu manifold has strong dipole coupling with the ground state. This suggests

that the linear optical absorption is the same in symmetric 2-chain case as in single-

chain case. As mentioned in Section 2.2, PAs are photoexcitations from the excited

states. Here within the 1Bu manifold, PA from the lowest excimer (i = 2) to the

lowest polaron-pair (j = 5) is still allowed, which gives the P1 absorption in the

experimental results [120] as in previous Fig. 2.11.

We now look at PAs from 1Bu manifold to higher manifolds. As discussed

in Section 2.1, PAs in single-chain PCPs are predominantly from the 1Bu to a two-

photon state the mAg [83, 95, 102, 124, 127, 128], which gives the PA1 peak (see Fig.

2.11). With even higher excitation energy, PAs can lead to another two-photon state

the kAg [102], which give the weak PA2 feature in Fig. 2.11. We focus on the PA1

only here since the PA2 requires calculations beyond the SCI approximation [102].

Table 2.1 shows that as in the single-chain case, only the states in the mAg manifold

have strong coupling with the corresponding states in the 1Bu manifold. For example,

the lower excimer state in the mAg manifold only couples to the lower excimer in the

1Bu manifold. Importantly, these longitudinal transition dipole-couplings between

interchain states near the 1Bu to interchain states of the same character near the

mAg, are of the same strength as that between the 1Bu and mAg excitons. We label

these PAs in PCP films as PA
′

1 to distinguish them from those in dilute solutions. The

above implies that in 2-chain case, while the energy of PA
′

1 is essentially unaffected,
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Figure 2.19. Essential optical states in their energy manifolds of two interact-
ing PCP symmetrically placed parallel oligomers. The notation of the lines in the
manifolds is the same as in Fig. 2.14. The arrows denote major relevant allowed ex-
citations. The prime is put to distinguish the nonlinear excitations PA

′

1 in thin films
from that of solutions, PA1. The components of the wavefunctions are written on the
right side of the states. Here the number 1 and 2 denote different PCP oligomers. exc
and mAg are the single-chain essential states for each oligomer. The polaron pairs
P+

i P
−
j consist of charged oligomers, and the star denote higher excited polaron-pair

states in the mAg manifold.
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Figure 2.20. Schematics of the effects of interchain interactions for PCP systems
without inversion symmetry. We consider the limit of Hee

intra = 0. (a) Two-chain
excitations across pairs of HOMOs and LUMOs without Hinter. The notation of the
lines in the manifolds is the same as in Fig. 2.14 except, dash line: weakly allowed
odd-parity exciton. (b) Due to broken symmetry, the states inside the oval are all
mixed by H1e

inter and result in three excimers, which are labeled as 1, 2 and 3 from
bottom to top. The even-parity exciton dominates the wavefunction of excimer 2.
The even parity polaron-pair is unaffected by H1e

inter. The exciton state gets weak
ionicity (excimer 2), from which PA to polaron-pair is weakly allowed (the dash-
dotted arrow). (c) Excimer 2 is still strongly coupled to the ground state while the
other two excimers 1 and 3 are now weakly allowed.

there exists an extra peak of P1, that is from within the 1Bu manifold excitation.

The above results are illustrated schematically in Fig. 2.19. We indeed find

a 1:1 correspondence between between the essential optical states that determine the

photophysics of single strands [83, 95, 102, 124, 127, 128], and the dominant excited

states, including excited interchain species, in films. Due to the disorder in the real

PCP film systems, it is much more common that two oligomers are facing each other

without inversion symmetry. In particular, the two oligomer are not necessarily iden-

tical, as seen in Fig. 2.16(b). We next go beyond centrosymmetric 2-chain systems

and extend our theory to more general situation.
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2.4.2 Without Inversion Symmetry

We now relax the condition of inversion symmetry to take the effects of disorder into

account approximately. We consider two oligomers of different lengths, still arranged

face to face with only one end matching (see Fig. 2.16(b)). The key differences from

the centrosymmetric case are discussed in the following.

1. We again first consider the limit of Hee
intra = 0 and discuss the effects of Hinter on

the four lowest energy one-excitations across HOMOs and LUMOs. As before,

with H1e
inter = 0 but Hee

inter 6= 0, we have two degenerate polaron-pairs and two

excitons as |ex1〉±|ex2〉 (Fig. 2.20(a)). The previously forbidden odd superposi-

tion exciton |exc1〉−|exc2〉 is now weakly allowed from the ground due to broken

symmetry, and the even superposition exciton |exc1〉 + |exc2〉 is still strongly

allowed. If we turn on H1e
inter, nonzero H1e

inter now mixes these two excitons and

the odd superposition polaron-pair together, resulting in three excimers. Only

the even parity polaron-pair is unaffected by H1e
inter (see Fig. 2.20(b)). The three

excimers are labeled from bottom to top as 1, 2 and 3. The even superposition

exciton acquires weak ionic character after the mixing and becomes excimer 2,

which is weakly coupled to the polaron-pair state. The PA from lowest excimer

(excimer 1) to polaron-pair state is still strongly allowed and dominant, which

is the origin of P1. The relation between the strength of P1 absorption and that

of interchain interactions is similar to the symmetric case as shown in Fig. 2.15.

Importantly, excimer 2 is still strongly allowed from the ground state and the

other two excimers are now weakly coupled to ground state (Fig. 2.20(c)). For

simplicity, we continue to refer excimer 2 to the exciton in the following.

2. Similar effects withHinter 6= 0 andHee
intra = 0 also apply to higher energy excited

states and results in a series of overlapping energy manifolds. The mechanism of
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j Ej (eV) Ionicity µj,G µj,2

2 2.74 0.23 1.45 —

3 2.89 0.07 4.99 0

4 3.04 0.14 2.07 0

5 3.07 1.00 0 2.03

6 3.16 0.45 0.31 0

7 3.21 0.53 0.57 0

Table 2.2. SCI excited states near the optical exciton of two-chain PPV with 5-
and 7-units for κ⊥ = 2 and t⊥ = 0.1 eV.

j Ej (eV) Ionicity µj,G µj,2

2 2.76 (2.72) 0.14 (0.13) 1.71 (1.12) —

3 2.83 (2.81) 0.04 (0.02) 6.05 (6.42) 0 (0)

4 2.90 (2.86) 1 (0.11) 0 (2.49) 1.48 (0)

5 2.92 (2.96) 0.23 ( 0.07) 1.82 (0.25) 0 (0)

6 2.93 (3.07) 0.73 (1) 0.27 (0) 0 (1.51)

7 3.02 (3.08) 0.34 (0.10) 0.26 (0.36) 0 (0)

Table 2.3. SCI excited states near the optical exciton of two-chain PPV with 7- and
9-units for κ⊥ = 1.75 and t⊥ = 0.05 eV, and for 8- and 10-units long with t⊥ = 0.07
eV and κ⊥ = 2.2 (in parenthesis).

nonzeroHee
intra is exactly the same as in symmetric case (see Fig. 2.18). On top of

that, there exists additional effect from broken inversion symmetry. Due to the

broken inversion symmetry, the corresponding states in the overlapping energy

manifolds are now mixed together. For example, the 1Bu and 2Ag manifolds

overlap for the 5- and 7-unit PPV system and their states are strongly mixed

with each other. Significantly, after the mixing, (i) the lowest excited state is

still always an excimer, (ii) the strong coupling between the lowest excimer and

the polaron-pair persists, (iii) the excimers have acquired weak transition dipole

couplings with the ground state, and (iv) PA
′

1 is essentially unaffected.
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In Table 2.2 we show our results of SCI calculations for PPV oligomers 5- and 7-units

long, again for interchain separation of 0.4 nm (Fig. 2.16(b)). Due to the mixing of

the 1Bu and the 2Ag energy manifolds, there are now two optical excitons (j = 3,

4), both of which have acquired weak ionic character. Characterization of states as

excimers (j =2, 6, and 7) and polaron-pairs (j = 5) are valid. In Table 2.2 we have

shown the energy region near only the optical exciton sector. Instead of giving similar

but complicated details for higher energy states after the mixing of the manifolds, it

is simpler to calculate PA, as demonstrated in the following section.

The key results that emerge from our calculations are: (i) direct photogener-

ation of the optical exciton and the two lowest excimers, one below and one above

the exciton, is possible, and (ii) the excimers play a crucial role in the photophysics

of PCP films. We have considered ideal and simple cases for calculating effects of

interchain interactions. We emphasize that our results remain qualitatively intact

for relative orientations and distances, whose effects can be seen simply by changing

effective t⊥ and κ⊥, respectively, in our calculations. We show two such examples in

Table 2.3. for PPV oligomers 7- and 9-units long with t⊥ = 0.05 eV and κ⊥ = 1.75,

and for oligomers 8- and 10-units long with t⊥ = 0.07 eV and κ⊥ = 2.2 (in parenthe-

sis). As we can see, the fundamental picture of the photophysics of PCP films persists

with different sets of t⊥ and κ⊥. We present our theory of the electronic structure

and photophysics of interacting chains of π- conjugated polymers in the next section.

2.5 Theory of Photophysics of PCP Thin Films

Our results provide the foundation for understanding PCP films qualitatively, and

perhaps even semiquantitatively. We show our theory of photophysics of PCP films

schematically in Fig. 2.21. The dominant photoexcitation from the ground state is
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Figure 2.21. Schematic of our theory of photophysics of PCP films. The primary
optical excitions and emissions are indicated. Solid-line and dashed-line arrows denote
strong and weak coupling, respectively. See text for details.

still to the optical exciton in the 1Bu energy region, similar to those in dilute solutions.

The reduced PL and its nonexponential behavior in films are related to the lowest

excimer, which is the also the lowest excited state. Nonradiative relaxation from the

optical exciton to the lowest excimer competes with its direct radiative relaxation,

which gives dominant PL similar to that in dilute solutions. It is likely that PL and

PA in films after a few hundred fs are largely from the weakly emissive lowest excimer.

The allowed component in the excimer’s wavefunction comes from the optical exciton,

making it likely that their emission profiles are similar. This conjecture is supported

by very recent observations of (i) weak emission from an intermolecular species in

dendritic oligothiophenes [129], and (ii) PA from excimers in pentacene films [130].

The red shift in film emissions with time [131] also agrees with this picture, as the

dominant PL gradually changes from the strongly emissive exciton to the lowest

weakly emissive excimer. Delayed PL [7,8] is from both the excimers, with the upper
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F = 0 F = 0.2 V/nm F = 0.6 V/nm

j Ej (eV) Ionicity µj,G Ej (eV) Ionicity µj,G Ej (eV) Ionicity µj,G

2 2.66 0.25 0.61 2.66 0.28 0.58 2.61 0.49 0.39

3 2.78 0.19 3.70 2.78 0.22 3.39 2.73 0.49 1.57

4 2.83 0.08 5.87 2.82 0.08 6.05 2.81 0.08 6.64

5 2.94 0.14 0.33 2.93 0.19 0.42 2.88 0.52 1.20

6 3.00 1.00 0 2.97 0.87 0.05 2.90 0.47 0.75

7 3.03 0.22 0.37 3.03 0.28 0.40 2.97 0.44 0.19

Table 2.4. SCI excited states near the optical exciton of two-chain PPV with 8 and
10-units for κ⊥ = 2, t⊥ = 0.1 eV. F is the external electrical field transverse to the
oligomer plane.

excimer relaxing directly to the ground state as well as via the exciton. The polaron-

pair component of the excimers’ wavefunctions ensures that the relaxation processes

are slow, as the electron and the hole are partly on different chains.

The quenching of the delayed PL by external electric field [8, 116, 117] is un-

derstandable. The Hamiltonian now can be written as,

H = H0 +HF (2.15)

HF = eFz = µF (2.16)

where H0 is the complete two-chain Hamiltonian without field F and µ is the dipole

moment. We assume F is in z direction. The matrix element of HF between the

original two-chain eigenstates is,

〈ψ1|HF |ψ2〉 = F 〈ψ1|µ|ψ2〉 = µ12F. (2.17)

where µ12 is the dipole coupling between eigenstates ψ1 and ψ2. The transverse dipole

coupling between the two excimers and the polaron-pair indicates that nonzero HF

will mix these energetically proximate states strongly [83, 95, 102, 124, 127, 128]. As

shown in Table 2.4, the ionic character of lowest excimer gets stronger with increased

external field transverse to the oligomer plane. Increased ionicity of the excimer’s
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Figure 2.22. (a) Calculated PAs for a single 8-unit PPV oligomer (dashed curve),
and for a two-chain system consisting of a 7-unit and a 9-unit oligomer, for κ⊥ = 2
and t⊥ = 0.1 eV. A common linewidth of 0.02 eV is assumed. The inset shows the
arrangement of the oligomers assumed in the calculation, with the ends matching on
one side. (b) Calculated PAs of the same two-chain system of (a), for κ⊥ = 1.75 and
t⊥ = 0.15 eV (dashed curve), κ⊥ = 1.5 and t⊥ = 0.2 eV (solid curve).
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wavefunction diminishes further the nonradiative relaxation to the exciton that is

essential for the delayed PL. This mechanism provides a natural explanation for the

immediate reappearance of the delayed PL upon removal of the field [121].

A direct test of our theory comes from comparisons of calculated and exper-

imental PAs. In Fig. 2.22(a) we compare PAs calculated for a single 8-unit PPV

oligomer with that from the lowest excimer in a two-chain system consisting of a 7-

unit and a 9-unit oligomer. Fig. 2.22(b) shows PA calculations for the same two-chain

system for other parameters. The similarity between the two-chain PA in Fig. 2.22

and the experimental PA spectra (see Fig. 2.11(b)) of Sheng et al. [120] for films are

striking. PA1 in the single chain corresponds to the transition from the 1Bu to the

mAg. The initial and final states of PA′
1 absorptions in the two-chain systems are both

excimers (or excitons with weak ionic character). As indicated in the Fig. 2.22(a), we

do find nearly equal strengths for PA1 and PA′
1. We have repeated our PA calcula-

tions for other two-chain systems (8- and 10-units, 6- and 8-units, etc.), which also

give PA′
1 close to PA1, as depicted in Fig. 2.22(b). The near identical energies of this

absorption in solutions and films [120], and the absence of correlation between PA

and PL decays in the latter [7, 81], can therefore both be explained.

The P1 absorption in the two-chain system in Fig. 2.22 is from the lowest

excimer to the lowest polaron-pair. Its strength is indeed a measure of interchain in-

teraction [120], but it is unrelated to free polarons. Our interpretation of P1 resolves

the apparent disagreement between ultrafast spectroscopy [120] and other measure-

ments [125, 126]. We predict that the polarizations of P1 and PA′
1 are different.

In summary, excimers and polaron-pairs occur not only near the optical edge

of PCP films, but also at high energies. The 1Bu and mAg excitons, together with the

excimers and polaron-pairs derived from these states constitute the essential optical

states of PCP films. We have presented the first applications of this concept here.
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Application to copolymers [131] is clearly of interest.
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Chapter 3

Linear optical absorptions in semiconducting

single-walled carbon nanotubes

In this chapter, we present the π-electron theory of the linear absorption in S-

SWCNTs. We first present the one-electron description of the electronic structure

and optical absorption of S-SWCNTs in section 3.1. We then point out in section 3.2

the failures of one-electron theory to explain the experimental results and the impor-

tant role of e-e interactions. We explain our model Hamiltonian, the effects of e-e

interactions and the parametrization of the Hamiltonian in section 3.3. We present

our theory of excitions and optical absorptions of photophysics in S-SWCNTs along

the transverse and longitudinal directions in sections 3.4 and 3.5, respectively. We

briefly summarize our results in section 3.6.

3.1 Predictions of One-electron Theory

The one-electron tight-binding Hamiltonian is,

H = −
∑

i6=j,σ

tij(c
†
iσcjσ + c†jσciσ), (3.1)

where i, j are the nearest neighbor sites, and tij = t for all i, j. From now on we refer

Eq. (3.1) as nearest neighbor (n.n.) TB theory. Within n.n. TB theory, the energy
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Figure 3.1. (a) The band structure of graphene: K denotes the points where band
gap goes to zero. (b) Quantized wavevectors of a SWCNT with diameter d in the
graphene BZ. The vectors besides K1 and K2 are drawn to indicate their direction,
respectively (not the actual length).

dispersion relations of a two dimensional graphene layer are expressed as [12],

Ec,v(kx, ky) = ±
{

1 + 4cos

(√
3kxa

2

)

cos

(

kya

2

)

+ 4cos2

(

kya

2

)

}1/2

, (3.2)

where c, v are for conduction and valence band, respectively, kx, ky are the wavevectors

in the Brillouin zone of graphene, and a is the length of graphene lattice vectors. The

band structure of graphene according to Eq. (3.2) is illustrated in Fig. 3.1(a), which

clearly shows that the existence of zero bandgap in graphene at specific K-points. The

zero gap at the K-points gives rise to interesting quantum effects in the electronic

structure of SWCNTS, as shown later in this section.

The unit cell of a (n,m) SWCNT in real space is given by the rectangle OABB′

shown in Fig. 1.5(a). Let us introduce dR as the greatest common divisor (gcd) of

2n +m and 2m+ n, then

dR = { dg if n−m is not a multiple of 3dg

3dg otherwise.
, (3.3)
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where dg is the gcd of n and m. We can then express the number N of hexagons per

unit cell in SWCNT,

N =
2(n2 +m2 + nm)

dR
. (3.4)

Thus there are 2N carbon atoms in each unit cell of SWCNT. The diameter of the

nanotube is given by,

d =
a
√
n2 +m2 + nm

π
, (3.5)

where a is the same as in above Eq. (3.2).

Expressions for the reciprocal lattice vectors
−→
K2 along the nanotube axis and

−→
K1 transverse to the axis are obtained from the relation

−→
Ri ·

−→
Kj = 2πδij, where Ri and

Kj are the lattice vectors in real and reciprocal space, respectively. Because of the

periodic boundary condition in the transverse direction, the wavevectors along this

direction are quantized and the spacing between the consecutive vectors is K1 = 2/d

(Fig. 3.1(b)) [12]. The longitudinal K2 remains continuous for a nanotube of infinite

length. In real SWCNTs, the length-to-diameter ratio of SWCNT is generally of the

order of 103, the effect of discrete K2 can be ignored.

Due to the quantization of wavevectors, the bandstructure of SWCNTs can

be obtained simply from the cross sections of that of two-dimensional graphene. It

is commonly referred to as zone-folding picture of SWCNTs from graphene. The 1D

energy dispersion relations are given by,

Eµ(k) = Ec,v

(

k

−→
K2

|−→K2|
+ µ

−→
K1

)

, (µ = 0, ..., N − 1) (3.6)

where Eg and N are given in Eq. (3.2) and (3.4), respectively.

If one of these discrete vectors k1 passes through one of the zero-gap K-points,

the nanotube is metallic; otherwise it is semiconducting. The condition for metallic

nanotube can also be expressed in an alternative way: the ratio of vector
−−→
Y K to that
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Figure 3.2. Bandstructures within n.n. TB theory of (a) zigzag (10,0), (b) armchair
(8,8), and (c) chiral (6,4), according to Eq. (3.6). The armchair nanotube is metallic.

of
−→
K1 in Fig. 3.1(b) is an integer. Since

−−→
Y K =

2n+m

3

−→
K1, (3.7)

the condition for M-SWCNT is then (2n+m) or (n−m) is a multiple of 31,

n−m = 3q, (3.8)

where q is an integer. In particular, the armchair (n,n) SWCNTs are always metallic,

and zigzag (n,0) SWCNTs are metallic only when n is a multiple of 3.

N pairs of energy dispersion relations Eµ(k) (valence and conduction bands)

are obtained with Eq. (3.6), as shown in Fig. 3.2. Those pairs of energy bands have

a nonzero gap with the exception for the pair of the highest valence and the lowest

conduction band in M-SWCNTs. The bandstructures of typical zigzag, armchair and

chiral S-SWCNTs are demonstrated in Fig. 3.2(a), (b) and (c), respectively.

1The remainders of (2n + m)/3 and (n − m)/3 are identical.
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Figure 3.3. Schematics of optical transitions in S-SWCNTs corresponding to ab-
sorptions polarized along (a) the longitudinal direction, and (b) the transverse direc-
tion to the tube axis. (c) Calculated optical absorption spectrum of S-SWCNT (6,5)
within n.n. TB theory. The longitudinal (//) and transverse (⊥) components are
indicated. The transverse peak is exactly in the middle of two longitudinal peaks.

Optical absorptions in S-SWCNTs normally take place from the highest two

valence bands (v1, v2) to the lowest conduction bands (c1, c2) because of the smaller

band gaps, although a few experiments were able to probe into higher energy region

such as E33 and E44 [1,132]. When the incident light is polarized along the nanotube

axis, the optically induced transitions are v1 → c1 (E11) and v2 → c2 (E22), as

illustrated in Fig. 3.3(a)2. Within the n.n. TB theory, transverse polarized light in

S-SWCNTs results in optically induced transitions v1 → c2 (E12) and v2 → c1(E21),

as shown in Fig. 3.3(b). These two transverse transitions are degenerate, and occur

exactly at the center of the two longitudinal transitions E11 and E22. This is shown

in Fig. 3.3(c) for the (6,5) S-SWCNT.

Depending on different n and m,

n−m = 3q + p, (p = 0,±1). (3.9)

From Eq. (3.7) and (3.9), we can see that there are three different ways the quantized

wavevectors pass the zero-gap K-point, as demonstrated in Fig. 3.4:

2Figures 3.3(a) and (b) are taken from Ref. 133.
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Figure 3.4. Quantized K1 vectors around the K-point in the Brillouin zone of
graphene. (a) n−m = 3q,metallic nanotube, (b) n−m = 3q+1, type I semiconducting
nanotube, and (c) n−m = 3q − 1, type II semiconducting nanotube. In (b) and (c)
we draw short lines spaced by 1

3
K1 between two nearest K1 to clarify the relation

between different classes.

(i) p = 0, then
−−→
Y K = q

−→
K1. One of wavevectors goes directly across K,

resulting in M-SWCNT (Fig. 3.4(a));

(ii) p = 1, then
−−→
Y K = (q + 1

3
)
−→
K1. None of the wavetectors pass directly

through K and it is a S-SWCNT. The distance between the closest wavevector within

the graphene BZ and K-point is 1
3

−→
K1. Recall that the spacing between the vectors

are
−→
K1, it is obvious that the distance between the 2nd closest wavevector and K is

2
3

−→
K1. This is shown in Fig. 3.4(b) and we call them type I S-SWCNTs;

(iii) p = −1, then
−−→
Y K = (q − 1

3
)
−→
K1. It is similar to case (ii) expect that the

closest and second closest are at reversed positions, as seen in Fig. 3.4(c). We call

them type II S-SWCNTs.

In the above S-SWCNT cases (ii) and (iii), the first two closest-to-K wavevec-

tors, that cross the 2D graphene bandstructure, yield the lowest two pairs of conduc-

tion and valence bands. Their bandgaps are E11 and E22. The ratio E22/E11 should

approach 2 in the limit of the widest S-SWCNTs within n.n. TB theory, since the

ratio of the distances to the zero-gap K-point in Fig. 3.4(b) and (c) is 2. Because
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(n,m) d(nm) Type E22/E11

(7, 0) 0.56 I 2.25
(6, 2) 0.57 I 2.14
(10, 0) 0.79 I 2.18
(8, 4) 0.84 I 2.07
(13, 0) 1.03 I 2.14
(8, 0) 0.64 II 1.77
(6, 4) 0.69 II 1.90
(9, 1) 0.76 II 1.81
(9, 4) 0.92 II 1.90
(14, 0) 1.11 II 1.87

Table 3.1. Calculated E22/E11 of type I & II S-SWCNTS within n.n. TB theory.
Note that the ratio approaches to 2 for large d.

of curvature effect as well as trigonal warping effect (Appendix A) in S-SWCNTs,

the ratio is not 2 but falls into two types. As shown in Table 3.1, the ratio is larger

(smaller) than 2 in type I (II) S-SWCNTs. As the diameter grows, the overall trend

is that the ratios for both types approach 2. The ratio is also associated with family

behavior, which is discussed in the next section.

3.2 Failure of One-electron Theory

As shown in section 3.1, the TB theory is successful in describing many basic prop-

erties of SWCNTs, such as the condition for metallic versus semiconducting be-

havior as well as showing the multiple valence and conduction bands. However,

various experiments with S-SWCNTs have indicated the strong role of e-e interac-

tions [25,26,134–136], ignored in the TB theory. These experiments have shown that

the primary photoexcitations in S-SWCNTs are excitons, rather than free electrons

and holes expected within TB theory.

The importance of many-body effects in S-SWCNTs was brought into imme-



84

Figure 3.5. Experimentally observed optical absorption peak positions for four
S-SWCNTs. The dark × in the lower (higher) part of graph are for experimental
longitudinal (//) optical absorption E11 (E22), ◦ are the experimental transverse (⊥)
optical absorptions, and the light × are the transverse peaks within n.n. TB theory.

diate attentions by several observations.

First, there is a strong blue shift of the optical absorption polarized transverse

to the nanotube axes [133, 137], as shown in Fig. 3.53. Within the n.n. TB theory,

this transverse optical transition should occur at exactly the middle of two optical

transitions polarized along the nanotube axes, as discussed in previous section (see

Fig. 3.3). As we show in Section 3.4, this strong blue shift of the transverse absorption

from the middle to close to E22 is the most direct evidence of large e-e interactions

in SWCNTs (Fig. 3.5).

Second, there exists the so-called ratio problem. As mentioned in the previous

section, E22/E11 exhibits two different behaviors for type I & II S-SWCNTs. In

addition to this, Bachilo et al. found that S-SWCNTs show “family behavior”. This

is shown in Fig. 3.64 where E22/E11 for a large number of S-SWCNTs are plotted

3Figure 3.5 is taken from Ref. 133.
4Figure 3.6 is taken from Ref. 26.
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Figure 3.6. Experimental E22/E11 versus wavelength λ22 for a large number of S-
SWCNTs. λ22 is the excitation wavelength corresponding to E22. The lines are drawn
to guide the eye for perceived patterns.

against λ22, the optical excitation wavelength corresponding to E22. Bachilo et al.

found that S-SWCNTs with the same (n−m), which can be called a family, lie on a

continuous contour. Importantly, the ratios E22/E11 appear to converge at large λ22

(large d) to around 1.75, which is less than the value 2.0 predicted within the n.n.

TB model for wide SWCNTs (as seen in Table 3.1). It has been claimed that this

ratio problem is a signature of e-e interactions [57]. We will show that this is indeed

the case.

Third, ultrafast pump-probe spectroscopy has revealed structured photoin-

duced absorptions (PA) and correlations of PA with photoinduced bleaching (PB),

that indicate that photoexcitations in S-SWCNTs are excitons [136], Within the n.n.

TB theory, optically induced transition excites the electron into the conduction bands

and it should be a continuum absorption from this excited state, not a structure PA.

This immediately reminds us of the structured nonlinear absorptions from 1Bu to

mAg in PCPs (see Chapter 2).

The above observations have led to extensive theoretical studies that go be-



86

Figure 3.7. Schematics of (a) band picture of valence and conduction bands within
TB theory; and (b) excitonic picture including ground state, exciton states and con-
tinuum.

yond TB models for the photophysics of S-SWCNTs polarized in the longitudinal

direction [15, 49, 55–61] as well as in the transverse direction [62]. The inclusion of

e-e interactions changes the energy scheme from the original band picture within TB

theory to excitonic picture, as shown in Fig. 3.7(a) and (b), respectively. The opti-

cal excitation, instead of v.b.→c.b., is then from the ground state to allowed exciton

states. The difference between the continuum and the exciton energy is called exciton

binding energy. This also reminds us of the exciton state 1Bu and its binding energy

of PCPs in Chapter 2. Depending on the context, E11 and E22 of S-SWCNTs from

now on are either for longitudinal exciton energies with e-e interactions, or for optical

transition energies from v.b to c.b. within TB theory.

In the following sections I present our theoretical work within the π-electron

theory of linear optical excitations with e-e interactions and the excitonic picture in

both longitudinal and transverse directions.
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Figure 3.8. The splitting of the degenerate transverse eigenstates within TB the-
ory with e-e interactions. ΨO and ΨE are defined in the text. The corresponding
longitudinal splittings (forbidden states) are not shown here, but in the next section.

3.3 Effects of the Many-body Coulomb Interactions, and the

Parametrization of the π-electron Model

3.3.1 Model Hamiltonian and the Many-body Effects

As discussed in Chapter 1, our calculations of S-SWCNTs are within the semiempir-

ical PPP Hamiltonian, as shown in Eq (1.1). This semiempirical model suffers from

the disadvantage that determination of the parameters is commonly difficult. On

the other hand, many-body problems that would be formidable within the ab initio

approach, such as the enhancement of the ground state bond-alternation in polyacety-

lene by e-e interactions [3], or the occurrence of the lowest two-photon state below

the optical state in finite polyenes and polyacetylene [138, 139], can be understood

in a relatively simple manner within Eq. (1.1). This semiempirical approach should

thus at least be taken as complementary to the ab initio one.

We use the SCI approximation , as discussed in Chapter 1, to compute the en-

ergies of the one electron-one hole (1e-1h) excitations of the Hamiltonian in Eq. (1.1).

The SCI approximation includes configuration mixing only between excitations that

are singly excited from the HF ground state. The justifications for the approximation
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have already been given in Chapter 1.

To explain to the effects due to Hee, it is useful to differentiate between the

first- and second-order CI [38], which also applies to SCI. First-order CI concerns

only degenerate excited states, for example, the two degenerate transverse optical

transitions in S-SWCNTs discussed in Section 3.1. In general, the corresponding

transitions are both allowed or both forbidden, and the dipole moments are polarized

in the same direction. Within SCI the strongest effect of Hee is the first-order CI

effect. Hee splits the two degenerate states into optically allowed (bright) state and

optically forbidden (dark) state. We will refer them as optical and dark exciton,

respectively. For repulsive Hee, the optical exciton is always higher in energy than

the dark one. Take the transverse absorption in S-SWCNTs for example, as shown in

Fig. 3.8, Hee splits the two TB optically allowed transitions ψv1→c2 and ψv2→c1 into

odd and even superpositions of these two functions,

ΨO = ψv1→c2 − ψv2→c1,

ΨE = ψv1→c2 − ψv2→c1.
(3.10)

ΨO is dipole-forbidden (dark), and ΨE is dipole-allowed (bright) and higher in energy.

The mechanism of the above energy splitting due to Hee into bright and dark states is

identical to that behind the splitting of the longitudinal excitons into bright and dark

excitons, with the only difference that the magnitude of the splitting in the present

case is much larger. In the later sections, we start with transverse optical absorptions

where more obvious splittings due to Hee is present, in spite that chronologically the

experimental and theoretical studies had focused on the longitudinal absorptions first.

Within SCI, the second-order CI concerns on the the interaction of single

excited configurations with all other single excited configurations of proper symmetry,

even though their energies are different [38]. The effect of second-order CI is much

less strong for discrete states compared with that of the first-order CI. However, its
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overall effect is large for a continuum of states. Therefore, the major splittings due

to Hee are due to first-order CI effects on degenerates states, further interaction due

to the second-order CI “is of secondary importance, but not negligible” [140].

3.3.2 Parametrization, Boundary Condition and Convergence

We discuss next how the parametrization within Eq. (1.1) were reached. Since e-e

interactions depend only on the distance and not on the curvature of the S-SWCNTs,

it is logical to parametrize the Vij exactly as in the PCPs [77] (Chapter 2), viz.,

Vij =
U

κ
√

1 + 0.6117R2
ij

, (3.11)

where Rij is the distance between carbon atoms i and j in Å. The two free parameters

in Eq. ((3.11)) are U and κ; the latter is introduced to take into account the dielectric

screening due to the medium [77]. U = 11.26 eV and κ = 1 correspond to the

standard Ohno parametrization for finite molecules [96]. As shown in Chapter 2,

SCI calculations of the optical absorption in PPV with five different U (between 0

to 10 eV) and three different κ (1, 2, and 3) had indicated that only with U = 8 eV

and κ = 2 was it possible to fit all four absorption bands at 2.4, 3.7, 4.7, and 6.0

eV in PPV [77]. The same U and κ were then used for quantitative calculations of

nonlinear and triplet absorptions in PPV. Experimentally determined energies of the

two-photon state that dominates nonlinear optical spectroscopy [119] and the lowest

triplet state [141] agreed remarkably well with the theory. We have used the same U

and κ for S-SWCNTs, which is referred to as screened Ohno parameters for now on.

In the absence of any known procedure for determining t in S-SWCNTs, Zhao

& Mazumdar had initially [54, 61] chosen the value 2.4 eV that is used for planar

aromatic systems (Chapter 2) [38]. As mentioned in Chapter 1, curvature in the S-
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E11 (eV) E22 (eV)

(n,m) t (eV) SCI Expt. SCI Expt.

(10,0) 1.8 1.10 1.07 1.97 2.31

1.9 1.14 2.05

2.0 1.18 2.13

2.4 1.33 2.45

(13,0) 1.8 0.90 0.90 1.59 1.83

1.9 0.93 1.65

2.0 0.96 1.71

2.4 1.08 1.96

(17,0) 1.8 0.73 0.80 1.24 1.26

1.9 0.75 1.28

2.0 0.77 1.32

2.4 0.87 1.50

Table 3.2. Calculated and experimental n = 1 and 2 exciton energies for three

zigzag S-SWCNTs.

SWCNTs implies smaller π–π overlap between n.n. carbon atoms and hence a smaller

t. We arrive at the proper t by fitting the calculated E11 and E22 for three different

zigzag nanotubes, (10,0), (13,0) and (17,0), against the corresponding experimental

quantities [1] (see below for discussions of how the experimental quantities were ar-

rived at by previous authors). The theoretical exciton energies are for U = 8 eV and

κ = 2, and four different t = 1.8, 1.9, 2.0, and 2.4 eV. Our results are summarized

in Table 3.2, which clearly indicates that t = 2.4 eV is too large and considerably

better fits are obtained with t = 1.8–2.0 eV. We have chosen t = 2.0 eV for the

complete set of calculations we report below. The fits in Table 3.2 improve with

increasing nanotube diameter, implying that strictly speaking the hopping integral

is diameter-dependent. We do not attempt further fine tuning of parameters as this

would necessarily lead to loss of simplicity and generality.

We have used the open boundary condition (OBC) in our calculations [62,84],



91

which enables precise determinations of transition dipole moments [54,61]. With the

OBC, surface states due to dangling bonds at the nanotube ends appear in the HF

band structure, and are discarded prior to the SCI stage of our calculations. The chiral

S-SWCNTs we investigate have gigantic unit cells. The number of unit cells we retain

depend both on the size of the unit cell and the convergence behavior of E11. The

procedure involved calculating the standard n.n. TB band-structure with periodic

boundary condition (PBC), and then comparing the PBC E11 with that obtained

using OBC with a small number of unit cells. The number of unit cells in the OBC

calculation is now progressively increased until the difference in the computed E11

between OBC and PBC is less than 0.004 eV (worst case). It is with this system

size that the SCI calculations are now performed using OBC. Thus for example, our

calculations for (7,0), (6,4), (7,5) and (8,4) SWCNTs are for 70, 16, 5 and 22 unit

cells, respectively, containing 1960, 2432, 2180 and 2464 carbon atoms, respectively.

Since energy convergences are faster in the calculations with nonzero e-e interactions

than the calculations in the n.n. TB limit, we are confident that this procedure gives

accurate results. We retain an active space of 100 valence and conduction band states

each in the SCI calculations. Stringent convergence tests involving gradual increase in

the size of the active space indicate that the computational errors due to the energy

cutoff is less than 0.005 eV (worst case).

3.4 Theory of Transverse Optical Excitons

In this section, we describe our work on the π-electron theory of transverse optical

excitons in S-SWCNTs [62]. As mentioned in Section 3.3, we start our theory by the

examination of the transverse optical absorption in S-SWCNT because it is the most

direct evidence of the presence of the many-body Coulomb effects, as shown below.
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3.4.1 Background

With few exceptions [55, 58, 60, 61, 89, 133,137], theoretical and experimental investi-

gations of S-SWCNTs had ignored the optical absorptions polarized transverse to the

nanotube axes, until very recently. Early theoretical investigations had largely em-

phasized the suppression of the perpendicularly polarized absorption due to local field

effects [55,58,60]. Later work based on π-electron theory [61] found nonzero oscillator

strength (O.S.) for the transverse absorption. More interestingly, while within the n.n.

TB model the transverse absorption is expected at the exact middle of the lowest two

longitudinal absorptions E11 and E22, inclusion of the Coulomb interactions between

the π-electrons leads to a splitting of the final states to which transverse absorption

occurs: to a redshifted forbidden state and a blueshifted allowed state, as explained in

Section 3.3. Correlated electron calculation for the (8,0) S-SWCNT found the allowed

transverse absorption relatively far from E11 and very close to E22 [61]. Significant

blueshift of the transverse absorption has also been found more recently within an

effective mass approximation theory [89].

Experimentally, excited states coupled to the ground state by the transverse

component of the dipole operator have recently been detected by polarized photolu-

minescence excitation (PLE) spectroscopy [133,137]. Miyauchi et al. have determined

the PL spectra for four chiral SWCNTs with diameters d = 0.75−0.9 nm [133]. In all

cases, the allowed transverse optical absorption is close to E22, in agreement with the

theoretical prediction of Zhao & Mazumdar [61]. Lefebvre and Finnie have detected

transverse absorptions close to E22 in 25 S-SWCNTs with even larger diameters [137],

and were also able to demonstrate the same “family behavior” in transverse absorp-

tion energies that had been noted previously with longitudinal absorptions [26] (also

see Section 3.1).
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There is general agreement between the different research groups that the

extent of the blueshift of the transverse absorption is a direct measure of the strength

of the Coulomb e-e interactions in S-SWCNTs [61,89,133,137]. Indeed this blueshift

is much more easily determined (provided the states are observable experimentally)

than other correlation-induced energy splittings such as exciton binding energies or

the energy differences between the optical and dark excitons within any longitudinal

manifold, which are covered in the next section. Here we present detailed calculations

of the transverse absorption for the four S-SWCNTs that have been investigated by

Miyauchi et al. [133], (6,5), (7,5), (7,6) and (8,4), within the π-electron Hamiltonian.

We point out the remarkable parallels between the present discussions and earlier

ones focusing on optical absorption polarized perpendicular to the polymer chain axis

in PPV [66,77,78,86,87,142–145]. Comparisons between PPV and S-SWCNTs allow

us to make the effects of e-e interactions clearer.

Our calculations are within PPP Hamiltonian (Eq. (1.1)). In the earlier

calculations [54, 61], Zhao & Mazumdar had limited the electron hopping to n.n. t1

only; here we investigate the consequences of including next nearest neighbor (nnn)

hopping t2, to determine the effects of broken charge-conjugation symmetry (CCS). As

shown in Fig. 3.11, Miyauchi et al. found a splitting of transverse absorption peak

of S-SWCNTs in their experiment. Miyauchi et al. [133] have tentatively ascribed

this splitting observed in the transverse absorption bands of SWCNTs to broken

CCS. Here we examine this issue theoretically with nonzero t2. The parametrization,

boundary condition and convergence have been discussed in detail in Section 3.3. As

noted there: (i) we choose the Coulomb parameters to be screened Ohno parameters,

and t1 = 2.0 eV; (ii) we use the SCI approximation in our model; and (iii) our

calculations are for OBC. The number of unit cells we retain here are 5 – 6 for the

(6,5), (7,5) and (7,6) S-SWCNTs, and 22 for the (8,4) S-SWCNT, with 2100 – 2500

carbon atoms in all cases.
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3.4.2 One-electron Tight-binding Limit

In view of what follows we begin with a discussion of the U = Vij = 0 TB limit of

Eq. (1.1) for both S-SWCNTs and PPV, as we intend to demonstrate the similarities

between them through the thesis. We denote excitation energies as ETB
12 and ETB

21 ,

corresponding to the TB transverse excitations ψv1→c2 and ψv2→c1, respectively. The

two transitions are degenerate with t2 = 0, and occur exactly at the center of the

two longitudinal transitions ETB
11 and ETB

22 . This is shown in Fig. 3.9(a) for the (6,5)

S-SWCNT, for t1 = 2.0 eV. The n.n. only TB band structure of PPV is similar

(see Fig. 1 in Ref. 75), although the nomenclature is different. The equivalents of

v2 and c2 are localized flat bands which are labeled l and l∗, respectively, while the

delocalized equivalents of v1 and c1 are labeled d and d∗, respectively. Once again the

degenerate transverse transitions d→ l∗ and l → d∗ occur exactly at the center of the

longitudinal d→ d∗ and l → l∗ transitions, as is shown in Fig. 3.9(b) for t1 = 2.4 eV,

which is appropriate for planar π-conjugated systems. The O.S. of the central peak,

relative to those for the longitudinal transitions, is much larger in the S-SWCNT than

in PPV. This is a reflection of the larger electron-hole separation that is possible in

the transverse direction in a S-SWCNT with d ∼ 1 nm, as compared to PPV.

The degeneracy between ETB
12 and ETB

21 (ETB
dl∗ and ETB

ld∗ in PPV) is lost if CCS

is broken by including nonzero t2. Fig. 3.9 shows the effect of t2 = 0.6 eV on the

absorption spectra of the (6,5) S-SWCNT and PPV; we will argue below that this

is the largest possible nnn hopping between π-orbitals. The splitting between the

transverse transitions is much smaller in the (6,5) S-SWCNT than in PPV. We have

found this to be true for all four S-SWCNTs we have studied. We do not show results

of including a third-neighbor hopping, since this does not contribute any further to

the splitting of the transverse states.
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Figure 3.10. Calculated optical absorption spectra within the PPP model, with
t1 = 2.0 eV, t2 = 0, for four chiral SWCNTs. The longitudinal and transverse
components of the absorption are indicated in each case.

3.4.3 Nonzero Coulomb Interactions Effects

In this subsection, we discuss the full PPP Hamiltonian of Eq. (1.1) with nonzero

U and V and only describe the e-e effects on the transverse excitations. The details

of the longitudinal excitations with Coulomb interactions are covered in Section 3.5.

Here we call the two lowest longitudinal excitons Ex1 and Ex2, with the corresponding

energies of E11 and E22, respectively.

With nonzero e-e interactions, the matrix element 〈ψv1→c2|Hee|ψc1→v2〉 6= 0,

and as a consequence eigenstates of the Hamiltonian are now odd and even super-

positions of these basis functions, as shown in Eq. (3.10) (Section 3.3). Repulsive

Hee ensures that the optically forbidden ΨO is redshifted while the optically allowed

ΨE is blueshifted. The above has been demonstrated in detail in Section 3.3. As
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mentioned there, the energy splitting is much stronger in the present case than that

of the longitudinal excitons. As a result, this strong first order CI effect occurs over

and above the overall blueshift of the entire absorption spectrum due to e-e interac-

tions (Fig. 3.8); the allowed transverse exciton ΨE is therefore blueshifted even with

respect to the longitudinal excitons (Fig. 3.8 and 3.10). In Fig. 3.10 we have shown

our calculated optical absorption spectra within Eq. (1.1) for t1 = 2.0 eV, t2 = 0, for

all four S-SWCNTs investigated by Miyauchi et al. [133]. In all cases the optically

allowed transverse exciton is seen to occur very close to the Ex2, as observed experi-

mentally [133]. The relative O.S. of the transverse exciton is now considerably weaker

than Ex1 and Ex2, in contrast to the calculations within TB theory as in Fig. 3.9(a).

The mechanism of the splitting of the degenerate transverse excitations is

identical to that in PPV, where also the optically allowed d→ l∗ + l → d∗ transverse

excitation occurs closer to the l → l∗ exciton than to the d → d∗ exciton. [66, 77, 78,

144,145] We emphasize that the coupling between ψv1→c2 and ψc1→v2 is independent

of the boundary condition (periodic versus open) along the longitudinal direction:

the calculations for PPV in above references 144 and 145, for example, employ PBC

and found similar results as other above references. In the present case, we have

repeated our calculations of all energies and wavefunctions, but not transition dipole

couplings (which is difficult to define with PBC within TB models [146]), for for all

four S-SWCNTs also with PBC. In every case we have confirmed the splitting of

the transverse wavefunctions into ΨO and ΨE from wavefunction analysis. We have

confirmed that the energy differences between the odd and even superpositions are

the same with the two boundary conditions, for the number of unit cells used in the

calculation. Our parametrization of the Vij involves a dielectric constant [61,84]. The

energy splitting between the odd and even superpositions will occur for any finite

dielectric constant, and only the magnitude of the splitting depends on the value of

the dielectric constant.
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Figure 3.11. Comparison of experimental (dashed curves) and calculated transverse
components of optical absorptions in four S-SWCNTs for t2 = 0 (dot-dashed curves)
and t2 = 0.6 eV (solid curves). The vertical lines correspond to the Hartree–Fock
threshold.

3.4.4 Transverse Exciton Energy and Its Binding Energy

Later in Section 3.5, excellent fitting is shown of longitudinal E11 and E22 of large

number of S-SWCNTs with t1 = 2.0 eV and t2 = 0. Here as seen in Fig. 3.9, E11

and E22 in S-SWCNTs are unaffected by t2 even for Hee = 0, so that our fits with

nonzero t2 to these two quantities continue to be valid. The low frequency regions

of the experimental spectra in Fig. 3.11 are dominated by background noise and are

therefore ignored in our discussions below.

We compare experimental and calculated transverse optical absorptions of the
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Figure 3.12. Schematics of the oscillator strength (O.S.) transfer between the ex-
citon and the continuum band. (a) For zero binding energy (TB limit), all the O.S.
is from the continuum; (b) for medium binding energy, some of O.S. transfers from
the continuum to the exciton; (c) for large binding energy, almost all the O.S. is
transferred to exciton.

S-SWCNTs in Fig. 3.11. The peak heights of the calculated absorption spectra in

Fig. 3.11 have been adjusted to match those of the experimental spectra. The ex-

perimental absorption spectra show two peaks with nearly the same separation in all

four cases, ∼ 0.1 eV. Independent of which of these two peaks correspond to the true

electronic energy of ΨE , it is clear that the error in our calculation is small, ≤ 0.1

eV. Within SCI approximation, the lower edge of the continuum band is the HF

threshold. We have indicated in Fig. 3.11 the HF thresholds for the transverse states.

The binding energies of the transverse excitons, taken as the difference between the

HF threshold and the exciton energy, are ∼ 0.15 eV for all four SWCNTs, which is

about one-third of that of longitudinal Ex1 (see Section 3.5). Miyauchi et al., from

a different perspective, have also arrived at the conclusion that the binding energy

of the transverse exciton is small [133]. Similar conclusion was reached in PPV from

photoconductivity studies [143].

The relationship between the O.S. transfer and the exciton binding energy is

illustrated schematically in Fig. 3.12. Within the TB limit, there is no exciton and

thus zero binding energy. The O.S. is entirely from the continuum (Fig. 3.12(a)). As

Hee gets stronger and exciton binding energy gets larger, there occurs gradual O.S.
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transfer from the continuum to the exciton (Fig. 3.12(b)). In the very large exciton

binding energy case, O.S. is almost completely transferred the exciton (Fig. 3.12(c)).

In Fig. 3.11, the experimental transverse absorption bands are very broad in all four

S-SWCNTs cases, a feature that is qualitatively reproduced in our calculated spectra.

This is a consequence of the much smaller binding energy of the transverse exciton

mentioned above, which leads to incomplete transfer of O.S. from the continuum

band to the exciton. As we will show soon in Section 3.5, the binding energies of

longitudinal excitons are larger and there occur greater transfer of O.S. from the

corresponding continua to the excitons [25, 133]. The broad absorption beyond the

excitons in Fig. 3.11 are therefore to continuum band states.

3.4.5 Splitting of Transverse Optical Absorption

We now discuss the energy splitting of ∼ 0.1 eV between the peaks in the experimental

absorption spectra. Miyauchi et al. ascribe this to broken CCS, viz., nondegenerate

ETB
12 and ETB

21 even within H1e. Our calculated absorption spectra in Fig. 3.11 for t2 as

large as 0.6 eV, nearly one-third of t1, however, fail to reproduce this splitting. This

is to be anticipated from the Hee = 0 absorption spectrum of Fig. 3.9(a), since any

splitting due to broken CCS, a one-electron effect, can only be smaller for Hee 6= 0.

At the same time, t2 = 0.6 eV should be considered as the upper limit for the nnn

electron hopping based on experiments in PPV as we explain below.

The experimental absorption spectra of PPV-derivatives [147, 148] resemble

qualitatively the tight-binding absorption spectrum of Fig. 3.9(b) for t2 6= 0, with,

however, an overall blueshift due to e-e interactions. The spectra contain strong ab-

sorption bands at ∼ 2.2 – 2.4 eV and 6 eV, and weaker features at 3.7 eV and 4.7

eV, respectively [147, 148]. The lowest and highest absorption bands are polarized
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predominantly along the polymer chain axis, while the 4.7 eV band is polarized per-

pendicular to the chain axis [77,86,87,142]. It is then tempting, based on Fig. 3.9(b),

to ascribe the origin of the 3.7 eV band to broken CCS, in which case it ought to

have the same polarization as the 4.7 eV absorption band. Repeated experiments

have, however, found that the absorption band at 3.7 eV to be polarized predomi-

nantly along the polymer chain axis. [77, 86, 87, 142] Theoretical calculations within

the PPP model with t2 = 0 have reproduced the longitudinal polarization of the 3.7

eV band, which is ascribed to the second lowest longitudinal exciton in PPV deriva-

tives [66, 77, 78]. We have confirmed that inclusion of t2 = 0.6 eV within the same

PPP model calculation renders the polarization of the the 3.7 eV absorption band

perpendicular to the polymer chain direction (see Appendix B), in contradiction to

experiments. The nnn hopping in PPV is therefore certainly smaller than 0.6 eV.

Curvature of SWCNTs implies an even smaller value of t2 in SWCNTs [84]

(Chapter 1). We are consequently unable to give a satisfactory explanation of the

splitting in the transverse absorption in S-SWCNTs. Ando in 1997 has ascribed the

splitting, within the k · p scheme, to a higher energy transverse exciton [55] . We have

not found any higher energy transverse exciton whose O.S. can explain the observed

absorption spectra. It is conceivable that the second peak in the experimental ab-

sorption spectra in Fig. 3.11 correspond to the threshold of the transverse continuum

band (see in particular the spectra in Figs. 3.11(b) and (d)). Further experimental

work is therefore warranted. It is also possible that the energy splitting is due to

higher order correlation effects neglected in SCI, or due to intertube interactions. We

are currently investigating the latter possibilities.
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Figure 3.13. Schematics of the four degenerate single-particle excitations in S-
SWCNTs from the highest occupied to the lowest occupied TB levels in (a) band
picture, and (b) total energy scheme. (c) These degeneracies are split by Hee. Only
the highest state is strongly dipole allowed. Rapid nonradiative relaxation occurs to
the lowest dark exciton, radiative emission from which is forbidden.

3.5 Theory of Longitudinal Excitions

In the previous section, we have shown the important role of e-e interactions in

S-SWCNTs. We have also demonstrated the excellent agreement between our theo-

retical results for transverse excitons in S-SWCNTs and recent experiments. In this

section, we present our theoretical results for the linear longitudinal optical excitations

in S-SWCNTs.

3.5.1 Electronic Structure with Many-body Coulomb Interactions

Within n.n. TB theory there exist multiple pairs of valence and conduction bands in

S-SWCNTs (see Section 3.1). Corresponding to each pair of valence and conduction

bands, there occur either degenerate TB excitations (zigzag nanotube, Fig. 3.13(a)

and (b)), or nearly degenerate ones. This is a consequence of cylindrical symmetry

of quasi-1D geometry of SWCNTs. Consider now the four degenerate lowest single-
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particle excitations in S-SWCNTs, χa→a′ ,χa→b′ , χb→a′ , and χb→b′, illustrated in Fig.

3.13(a), where a, b (a′, b′) are the highest occupied (lowest unoccupied) TB levels.

The two excitations χa→a′ and χb→b′ are optically allowed, and the excitations χa→b′

and χb→a′ are forbidden. As discussed in Section 3.3 and the same as the transverse

case, nonzero Hee splits them into χa→a′ ± χb→b′ and χa→b′ ± χb→a′ . For the pair of

dipole-allowed TB excitation, the odd superposition is dark and the even one is bright.

Both the odd and even superpositions of dipole-forbidden excitations are dark. As a

consequence, Hee splits the four degenerate TB excitations into one optical exciton

and three dark excitons (Fig. 3.13(c)). As explained in Section 3.3, for repulsive Hee

the optical exciton is always higher in energy than the dark ones. The longitudinal

energy spectra of SWCNTs is similar to that of polyacetylenes and polydiacetylenes,

where also there occur dark exciton below the optical exciton as a consequence of e-e

interaction [76,149]. PL is weak in these polymers [22,150,151], as the optically excited

state decays in ultrafast times to the low energy dark exciton, radiative transition from

which to the ground state cannot occur. The occurrence of dark excitons below the

optical exciton indicates that the low quantum efficiency of the PL of S-SWCNTS

[25,152,153], which was considered puzzling previously, is intrinsic.

The dark excitons (longitudinal) of S-SWCNTs have attracted a lot of interest

[154–162] ever since they were predicted within the π-electron theory in 2004 by Zhao

& Mazumdar [61]. The magnetic brightening of the dark excitons of S-SWCNTs has

been observed in the experimental PL spectra [157, 158, 163], which gives the direct

evidence of their existence. Other experiments had verified the existence of dark

exciton through ultrafast PA [154,159], transient grating measurement [155], Raman

scattering [156], temperature-dependent PL [161, 162, 164], as well as PL decay of

large number of S-SWCNTs using time-correlated single photon counting [160]. The

splitting of the bright and dark excitons has been found to be only a few meV by

Mortimer and Nicholas [162], while as large as 0.05 – 0.1 eV by Scholes et al. [164]
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and 0.1 – 0.14 eV by Kiowski et al. [165]. The theoretical estimation of bright-dark

exciton gap is difficult in our calculations, because the convergence of the splitting

is very hard to reach, even well after the convergence the absolute energies E11 and

E22 of the bright excitons. The possibility of the splitting is only a few meV, which

is smaller than the thermal fluctuation at room temperature, poses a big question on

our explanation of the low QE of S-SWCNTs mentioned above (Fig. 3.13(c)). This

problem will be investigated in our future work.

As mentioned in Section 3.1, there are N pairs of valence and conduction

bands (VCBs) in SWCNTs, where 2N is the number of atoms in one unit cell (Eq.

(3.4)). We label each pair of VCBs according to its bandgap, from the lowest to

the highest, with an index n = 1, 2, ... N , as indicated in Fig. 3.14(a). In the TB

limit, excitations across each pair of VCBs is almost independent of excitations across

other pair of VCBs. Therefor we can take out the TB excitations across the same

pair of VCBs, with label n = i for example, and investigate the effects of Hee on them

independently. Nonzero Hee splits the degenerate excitations, that across the n = i

VCBs, into optical and dark excitons, as explained above. A continuum band is above

all these excitons. This is how the longitudinal excitonic picture, resulting from the

n = i VCBs, looks like. The energies of this excitonic spectrum are determined by the

TB bandgap of the n = i VCBs as well as the magnitude of Hee. The same Hee applies

to each of N pairs of VCBs and results in N series of similar longitudinal excitonic

energy spectra, which we call energy manifolds. A energy manifold is labeled by the

same n as the corresponding pair of VCBs (Fig. 3.14(b)). Each energy manifold

contains optical and dark excitons, and a continuum band separated from the optical

exciton by a characteristic exciton binding energy, as shown in Fig. 3.14(b). Since

the bandgap increases with n, the lower edge of each manifold also increases with n.

As a consequence, the similar pattern of n = i+ 1 manifold repeats on the top of the

n = i manifold (Fig. 3.14(b)).
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Figure 3.14. The longitudinal excitonic energy structure of S-SWCNTs: series of
energy manifolds, n = 1, 2 ..., with each manifold having its own dark and allowed
excitons as well as continuum. Ex1 (D1), Ex2 (D2) denote the optical (dark) exciton
in first and second manifolds, respectively. Eb is the corresponding optical exciton
binding energy.
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Nonlinear spectroscopic measurements have demonstrated that distinct energy

gaps occur between the lowest two-photon allowed states and the n = 1 longitudinal

optical exciton (hereafter Ex1) in a number of S-SWCNTs [2,51,52,54]. This energy

gap is a lower bound to the EX1 binding energy [54]. The determination of the

binding energy of the n = 2 longitudinal exciton (hereafter Ex2) appears to be more

difficult within the existing experimental approaches. Recent theoretical works have

suggested that electroabsorption may be a useful tool for this purpose [85, 166].

In the following we present our calculated longitudinal energy spectra of 29

of S-SWCNTs, within Eq. (1.1). The diameters of the S-SWCNTs we consider

range from 0.56 to 1.51 nm. For each S-SWCNT we calculate the absolute en-

ergies E11 and E22 of the Ex1 and Ex2, and their binding energies Eb1 and Eb2,

respectively. We compare all theoretical quantities to experimentally determined

ones [1, 2, 26, 51–54, 132]. The large number of S-SWCNTs that could be consid-

ered allows us to investigate family relationships that have been demonstrated by

experimentalists (Section 3.2) [26,167]. We find excellent agreement between the the-

ory and experiments. Our work demonstrates convincingly that the photophysics of

S-SWCNTs and PCPs can be understood within the same general theoretical frame-

work, albeit with different hopping integrals.

3.5.2 Longitudinal Exciton Energies and Their Binding Energies

In Table 3.3 we have listed our calculated E11, E22, Eb1, and Eb2 for 29 S-SWCNTs.

We compare each of these quantities to those obtained by experimental investigators

[1, 2, 26, 53, 132]. Nearly half the exciton energies listed in Table 3.3 as experimental

were obtained directly from spectroflurometric measurements [26] or from resonant

Raman spectroscopy [132]. The other half are empirical quantities arrived at by
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E11 (eV) E22 (eV) Eb1 (eV) Eb2 (eV)

(n,m) d (nm) SCI Expt.a SCI Expt. SCI Expt.c SCI

(7,0) 0.56 1.58 (1.29) 2.92 (3.14) 0.56 (0.61) 0.79

(6,2) 0.57 1.55 (1.39) 2.82 (2.96) 0.55 (0.59) 0.72

(8,0) 0.64 1.44 (1.60) 2.38 (1.88) 0.56 (0.54) 0.57

(7,2) 0.65 1.41 (1.55) 2.36 (1.98) 0.54 (0.52) 0.56

(8,1) 0.68 1.34 (1.19) 2.45 (2.63) 0.48 (0.50) 0.65

(6,4) 0.69 1.33 1.42 2.27 2.13a,b 0.50 (0.49) 0.56

(6,5) 0.76 1.24 1.27 2.15 2.19a,b 0.45 0.43 0.54

(9,1) 0.76 1.24 1.36 2.08 1.79a,b 0.47 (0.45) 0.51

(8,3) 0.78 1.21 1.30 2.05 1.87a 0.45 0.42 0.50

(10,0) 0.79 1.18 (1.07) 2.13 2.26b 0.42 (0.43) 0.57

(9,2) 0.81 1.17 (1.09) 2.10 2.24b 0.42 (0.42) 0.55

(7,5) 0.83 1.15 1.21 1.97 1.93a,b 0.43 0.39 0.49

(8,4) 0.84 1.13 1.11 2.00 2.11a,b 0.41 (0.40) 0.51

(11,0) 0.87 1.11 (1.20) 1.86 (1.67) 0.42 (0.39) 0.46

(10,2) 0.88 1.09 (1.18) 1.84 1.68b 0.40 0.34 0.45

(7,6) 0.90 1.08 1.11 1.88 1.92a,b 0.39 0.35 0.47

(9,4) 0.92 1.06 1.13 1.81 1.72a, 2.03b 0.39 0.34 0.44

(11,1) 0.92 1.05 (0.98) 1.89 (2.03), 1.72b 0.37 (0.37) 0.50

(10,3) 0.94 1.03 0.99 1.84 1.96a,b 0.37 (0.36) 0.48

(8,6) 0.97 1.01 1.06 1.75 1.73a,b 0.37 0.35 0.44

(13,0) 1.03 0.96 (0.90) 1.71 (1.83) 0.34 (0.33) 0.45

(12,2) 1.04 0.95 0.90 1.69 1.81a 0.33 (0.33) 0.44

(10,5) 1.05 0.94 0.99 1.62 1.58a,b 0.35 (0.32) 0.40

(14,0) 1.11 0.91 (0.96) 1.54 (1.44) 0.34 (0.31) 0.38

(12,4) 1.15 0.88 0.92 1.51 1.45a 0.32 0.27 0.37

(16,0) 1.27 0.81 (0.76) 1.44 (1.52) 0.28 (0.27) 0.37

(17,0) 1.35 0.77 (0.80) 1.32 (1.26) 0.28 (0.25) 0.32

(15,5) 1.43 0.73 (0.71) 1.29 (1.35) 0.25 (0.24) 0.32

(19,0) 1.51 0.70 (0.66) 1.24 (1.30) 0.24 (0.23) 0.31

Table 3.3. Comparison of calculated and experimental/empirical n = 1 and 2

exciton energies and binding energies. The empirical exciton energies (Ref. 1) and

exciton binding energies (Ref. 2) are in parentheses (See text for details).

aFrom Ref. Bachilo02.
bFrom Ref. Fantini04.
cFrom Ref. Dukovic05.
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Figure 3.15. Calculated (red solid line, circle and square symbols) vs. experimental
(blue dotted line, diamond and triangle symbols) E11 and E22 for 29 S-SWCNTs. The
arrow against the x-axis corresponds to d = 0.75 nm. The inset shows errors ∆Eii

(i = 1, 2) in the calculations, defined as the calculated minus the experimental or
empirical energies.

Weisman & Bachilo. Using the experimental data in Ref. 26, Weisman and Bachilo [1]

derived empirical equations for the exciton energies of nanotubes for which direct

experimental information do not exist. The experimental E11 and E22 in the earlier

Table 3.2 (see Section 3.3) are obtained from these empirical equations. Dukovic et

al. [2] have also given an empirical equation for the binding energy of Ex1, which was

also derived by fitting the set of Eb1 obtained from direct measurements. We make

distinctions between the experimental and empirical data in Table 3.3, but in the text

below we refer to both as experimental quantities.
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In Fig. 3.15 we have plotted the theoretical and experimental E11 and E22

against 1/d, while in Fig. 3.15 inset we show the errors in our calculations, ∆E11

and ∆E22, defined as the calculated energies minus the experimental quantities, for

d > 0.75 nm. The spreads in the experimental E11 and E22 are systematically larger

than the calculated quantities, but the latter do however capture the effects due

to differences in chirality qualitatively. The sudden increases or decreases in the

experimental E22 between the nearest data points in the experimental plot of Fig. 3.15

are reflected correctly in the theoretical plot in all cases, even though the magnitudes

of these changes are larger in the experimental data set. We find excellent agreement

between calculated and experimental E11 for d > 0.75 nm, with |∆E11| < 0.1 eV. The

agreement for d > 1 nm is even better with |∆E11| < 0.05 eV. The disagreements

between calculated and experimental E22 are larger, but even here the magnitude of

the maximum error for d > 0.75 nm is within 0.2 eV, which is the C–C bond stretching

frequency that can influence experimental estimation of exciton energies [63, 64].

The relatively large disagreement between experimental and calculated ener-

gies for d < 0.75 nm is due to the breakdown of the π-electron approximation (Chapter

1). The larger spread in the experimental exciton energies for d < 0.75 nm can be

due to curvature effect (Chapter 1) and trigonal warping effect (Appendix A) that

are ignored in Eq. (1.1). It is likely that in the case of E22 greater precision will

necessarily require inclusion of higher order CI. This is because SCI approximation

works best for lower energy region, where singly excitations dominate the states. As

the energy increases, higher order excitations contributes more to the wavefunctions,

which requires higher order CI. Overall, however, the close agreement between theory

and experiment in Fig. 3.15 for d > 0.75 nm, the region where the π-electron model

appears to be valid, is remarkable, given that a single semiempirical Hamiltonian with

a single set of parameters is used to obtain the data.
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The agreement between the calculated and the experimental exciton binding

energies in Table 3.3 is even more striking than the fits to the absolute energies. The

average error in the calculated exciton binding energies, when compared to the set of

8 S-SWCNTs for which data are obtained directly from experiments is only 0.039 eV.

The average error for the complete set, including those S-SWCNTs for which only

empirical data exist for the moment, is even less at 0.023 eV. The exciton binding

energies depend weakly on chirality, in agreement with published experimental work

[2]. Indeed, we have found that Eb1 and Eb2 are both inversely proportional to the

diameter d and can be fit approximately by

Eb1 ≃ 0.35
d

eV, (3.12a)

Eb2 ≃ 0.42
d

eV. (3.12b)

Eq. (3.12a) is remarkably close to the empirical formulaEb1 ≃ 0.34
d

eV given in previous

experimental work [2]. For both binding energies, the fits of Eq. (3.12a) and (3.12b)

become better for larger diameter nanotubes.

The weak dependence of the exciton binding energy on chirality is very likely

a cancellation effect: the effect of chirality on the exciton energy and the continuum

band threshold energy for a given diameter are presumably similar. The calculated

Eb1 and Eb2 are very close to those obtained earlier by us for the wide nanotubes with

t = 2.4 eV [54, 61], even as the calculated E11 and E22 are now quite different. This

is simply a consequence of localization of the electrons at the large U/t considered

here, which is demonstrated in detail in Fig. 1.3.

3.5.3 Family Behavior

Our ability to calculate E11 and E22 for a large number of nanotubes allows us to

demonstrate “family behavior” within Eq. (1.1). In Section 3.2, it has been shown
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that in plots of experimental E22/E11 against the wavelength λ22 corresponding to

E22, families of (n,m) S-SWCNTs with the same n −m lie on the same continuous

curves [26]. The experimental energy ratios diverge from a central limiting number

∼1.75, with the deviations increasing with n − m, and with the direction of the

deviation being positive for the families (n −m) mod 3 = 1 (type I) and negative

for the families (n−m) mod 3 = 2 (type II), respectively [26] (also see Section 3.1

and 3.2). In Fig. 3.16(a) we have plotted our calculated E22/E11 against the calculated

λ22. The calculated ratios do not show the same smooth behavior as demonstrated

earlier in Fig. 3.6, since as already noticed in Fig. 3.15 inset our errors with E22

are larger than those with E11. Nevertheless, two different classes of behavior, for

the type I and II families are very clear. The difference between the largest and the

smallest ratios in the narrow diameter (small λ22) end is smaller than what is seen

experimentally, but this is once again merely a consequence of the larger errors in

our calculations for the narrower nanotubes. More importantly, the limiting E22/E11

in the wide diameter (large λ22) end in Fig. 3.16 is very close to the experimental

limiting ratio of 1.75.

A different family behavior has been noted in Refs. 132 and 167, where it was

shown that exciton energies of S-SWCNTs with constant 2n+m, when plotted against

1/d or d, belong to type I and II that lie on opposite sides of a line Eii ∝ 1/d. Because

of the very small differences in the consecutive E11 the family behavior in these data

are difficult to see [167] and they were not even considered in Ref. 132. We show this

family behavior in our calculated E22 in Fig. 3.16(b). Comparison of our plotted E22

in Fig 3.16(b) against the plots in Fig. 3(a) of both references indicates the similarity

between the current and earlier results. In particular, the E = 1/d dashed straight

line in Fig. 3.16(b) passes through the S-SWCNTs with n nearly equal to m, as in

Ref. 167.
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3.6 Summary of the π-electron theory for Semiconducting
Single-walled Carbon Nanotubes

In this chapter, we have shown the important role of e-e interactions and the effects

of Hee in S-SWCNTs with the π-electron theory. We have demonstrated the elec-

tronic structure of S-SWCNTs. Using Coulomb correlation parameters appropriate

for PCPs, and a n.n. hopping integral that is arrived at by fitting the energy spectra

of three zigzag S-SWCNTs, we are able to determine quantitatively the exciton ener-

gies and exciton binding energies of S-SWCNTs, in both longitudinal and transverse

directions. The quantitative aspect of our calculations is worthy of note. We have now

demonstrated that the same model Hamiltonian with the same one-electron hopping

and Coulomb interactions can reproduce the experimental energies and absorption

spectra of longitudinal and transverse optical excitations in SWCNTs with diameters

greater than 0.75 nm with considerable precision (errors ≤ 0.05 – 0.1 eV). In those

cases where the experimental binding energies of Ex1 are known, the calculated quan-

tities are uniformly very close [84](Section 3.5). Our estimate of exciton energies and

exciton binding energies are the best quantitative fits to the experimental results to

date.

For the longitudinal excitations, we also demonstrate two different kinds of

family behavior. In the diameter range of our calculated S-SWCNTs, we found linear

dependence against 1/d for the binding energies of excitons in both manifolds. It is

unlikely that the agreement between our theory and experiments is fortuitous. The

Coulomb parameters used here were obtained after extensive search through a very

large parameter space for PPV, and the same parameters successfully reproduced the

energies of the dominant two-photon state [119] and the triplet energy spectrum [141]

of PPV. Similarly, slightly smaller hopping in S-SWCNTs than in PPV is to be

expected. [168] We propose that these parameters as in Section 3.3 can be finalized
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in π-electron model for S-SWCNTs with diameters greater than 0.75 nm.

Our work demonstrates a universality in the photophysics of S-SWCNTs and

PCPs that arises from their common quasi-one-dimensionality and π-conjugation.

The existing rich literature on the photo- and device physics of PCPs can therefore

provide valuable guidance in the search for optoelectronic applications of S-SWCNTs.
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Chapter 4

Optical absorptions of metallic single-walled

carbon nanotubes

In Chapter 3, we have demonstrated the excitonic picture of S-SWCNTs as well as

our excellent quantitative calculations of their exciton and exciton binding energies

within the π-electron theory. We go beyond S-SWCNTs in this chapter and extend

our theory to M-SWCNT.

Here we are able to reproduce quantitatively the available absolute exciton

energies and the optical absorption spectra of M-SWCNTs with diameters 0.9 – 1.4

nm. Once again we get excellent fit of the exciton energies to the existing experimental

results [132, 169–173]. More importantly, our calculated exciton binding energies

in this diameter range are 0.2 - 0.3 eV, slightly smaller than those in S-SWCNTs

with similar diameters (∼0.4 eV). This might due to the dielectric screening of e-e

interactions by free carriers, which has been proposed recently by Deslippe et al. [174]

and Wang et al. [175]. Our results for the binding energies, however, are much larger

than their values, which are around 50 meV [174, 175]. We point out that if the

dielectric screening by free carriers does play an important role in metallic tubes, its

effect should not be as strong as they have claimed [174,175].

We first introduce the peculiar occurrence of excitons in M-SWCNTs as well

as the current experimental and theoretical results in Section 4.1. We then briefly

describe parametrization of our model Hamiltonian for M-SWCNTs in Section 4.2.
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Figure 4.1. Schematics of the longitudinal optical transitions in M-SWCNTs.
(a) Splittings due to the trigonal warping effect are present in the nonarmchair M-
SWCNTs. The lowest optical transition E11 splits into a lower branch and a upper
branch, labeled as E−

11 and E+
11, respectively. (b) There is no splitting of optical tran-

sitions due to the trigonal warping effect in the armchair tubes. E11 and E22 denote
the lowest two longitudinal transitions.

We discuss our results and theory of excitons in M-SWCNTs in Section 4.3.

4.1 Optical Excitons in Metallic Tubes

It is generally believed that there are no excitons in the conventional metals, since

there exists no band gap or optical excitations at finite frequency. It is therefore

peculiar that finite frequency optical excitations [132,169–173,176] as well as excitons

[175] in M-SWCNTs have been detected in recent experimental observations. Within

the TB theory, the band structure of M-SWCNTs is quite different than that of the

conventional metals. As discussed in the previous chapters, there exist multiple pairs

of valence and conduction bands due to the unique properties of quasi-1D system

of SWCNTs (see Fig. 1.7 and 3.2). As illustrated in Fig. 4.1, optical gap in M-
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SWCNTs between the highest conduction band and the lowest valence band is still

zero, but the gap is nonzero across all other pairs of conduction and valence bands

(also see Fig. 3.2(b)), which makes finite frequency optical excitations in M-SWCNTs

possible. We refer to these longitudinal optical transitions across these pairs of bands

with nonzero gap as E11, E22..., similar to the S-SWCNT cases, as demonstrated in

Fig. 4.1(a).

In addition, there is generally a splitting of optical transitions in the metallic

tubes other than armchairs because of the trigonal warping effect [169,173,176–181].

More details of trigonal warping effect can be found in Appendix A. The originally

degenerate optical transitions become lower and upper branch due to asymmetry

caused by trigonal warping effect (see Fig. A.3(a)). Here we focus on the lowest

energy optical transition E11 in M-SWCNT. The splitting due to trigonal warping

effect separates this transition into an upper (E+
11) and a lower (E−

11) branch, as

schematically illustrated in Fig. 4.1(b). They become the lowest two optical excitons

in M-SWCNTs with the inclusion of many-body Coulomb interactions. The energy

difference between them is referred to as exciton splitting energy and is labeled as ∆.

We also label the exciton binding energies as E+
b and E−

b for E+
11 and E−

11, respectively.

When there is no splitting, such as in armchair metallic tubes, only E−
11 and E−

b are

used.

In the following we discuss our calculations of exciton spectra of 12 M-SWCNTs,

4 armchair, 2 zigzag and 6 chiral, with diameters ranging from 0.86 to 1.38 nm.

4.2 Model Hamiltonian and Parametrization

We continue to use the PPP Hamiltonian as in Eq. (1.1). The diameter range of

M-SWCNTs that we consider are similar to those of S-SWCNTs in the previous
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E−
11 (eV) E+

11 (eV)

(n,m) d (nm) κ SCI Expt. SCI Expt.

(8,8) 1.10 2.0 2.35 2.11 — —

2.2 2.26 —

3.0 2.07 —

(12,0) 0.95 2.0 2.57 2.16 2.71 2.47

2.2 2.48 2.63

3.0 2.28 2.49

(9,6) 1.04 2.0 2.35 2.15 2.52 2.22

2.2 2.30 2.45

3.0 2.14 2.25

Table 4.1. Calculated and experimental exciton energies for three M-SWCNTs
with t = 2.0 eV and U = 8 eV, and with three different κ. κ = 3 is best to fit the
experimental results.

calculations. The curvature effects is therefore similar in both cases and we still use

nn hopping integral t = 2.0 eV. For the Coulomb parameters, We keep U = 8 eV

since the Coulomb repulsion on the same site is unaffected even when there indeed is

metallic screening effect [49, 174, 175].

We arrive at the proper κ by fitting the calculated E−
11 and E+

11 for three

different M-SWCNTs, (8,8), (12,0) and (9,6), against the corresponding experimental

quantities [169]. We summarize our results in Table. 4.1, which indicates that κ = 2.0

is too small and considerably better fits are obtained with κ around 3.0. We have

chosen κ = 3.0 for the complete set of calculations we report below. A larger κ here

appears to agree with the theory that there is stronger dielectric screening due to free

carriers in metallic tubes [49, 174, 175].

Similar to the S-SWCNTs case (Chapter 3), we use the SCI approximation
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and our calculations are for OBC [62,84]. The number of unit cells we retain depend

both on the size of the unit cell and the convergence behavior of E−
11 and E+

11. The

number of unit cells we retain here, for example, are 60 for both (8,8) and(12,0), and

10 for (9,6), containing 1920, 2880 and 2280 carbon atoms, respectively.

4.3 Results and Discussion

In Table 4.2, we summarize our results of the exciton energies E−
11 and E+

11, as well as

the energy splitting ∆ due to the trigonal warping effect. We compare these quantities

with those obtained in the experiments [132,169,170,172]. We point out that, (i) only

ref. 169 has both E−
11 and E+

11 while the others give only E−
11, and (ii) although the

measured values in ref. 169 are generally smaller than those in the other references,

the largest difference of 0.14 eV is within C-C bond stretching frequency which can

influence the experimental measurements. We therefore use the values in ref. 169 as

our major reference for comparisons. We label the difference between the experimental

and calculated quantities as |δE−
11| and |δE+

11|. With a larger κ = 3.0 than that in

S-SWCNTs, we find excellent agreement between calculated and experimental E−
11

and E+
11 in all 12 M-SWCNTs. Our largest errors are for (10,1), and when compared

with ref. 169, they are |δE−
11| = 0.18 eV and |δE+

11| = 0.12 eV, which are still within

the C-C bond stretching frequency. The standard deviations are 0.07 and 0.05 eV for

E−
11 and E+

11, respectively. Importantly, when the experimental measurements in the

four refs. 132, 169, 170, 172 are very close, for example (15,0) and (13,1), |δE−
11| and

|δE+
11| become negligible. This is a clear indication of our excellent agreement with

the experimental measurements. Our results also capture the energy splitting of E11

due to the trigonal warping effect. Our calculated energy splitting ∆ is within 0.1 eV

from the experimental results for other M-SWCNTs.
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E−
11 (eV) E+

11 (eV) ∆ (eV)

(n,m) d (nm) SCI Expt. SCI Expt.a SCI Expt.a

(7,7) 0.96 2.31 2.34a,2.43b — — — —

(8,8) 1.10 2.07 2.11a,2.22b — — — —

(9,9) 1.24 1.88 1.91a,2.03b,2.02c — — — —

(10,10) 1.38 1.72 1.75a,1.89b,c — — — —

(12,0) 0.95 2.28 2.16a,b 2.49 2.47 0.21 0.31

(15,0) 1.19 1.91 1.86a,c,1.88b 2.03 2.06 0.12 0.20

(8,5) 0.90 2.42 2.37a,2.47b,c 2.54 2.47 0.12 0.10

(9,3) 0.86 2.47 2.36a,2.35b,2.43c 2.71 2.61 0.24 0.25

(9,6) 1.04 2.14 2.15a,2.23b,2.24c 2.25 2.22 0.09 0.07

(10,1) 0.84 2.51 2.33a,2.28b,2.38c 2.83 2.71 0.32 0.38

(10,4) 0.99 2.22 2.17a,2.22b 2.37 2.33 0.15 0.16

(13,1) 1.07 2.07 2.01a, 2.02b, 2.06c 2.26 2.24 0.19 0.23

Table 4.2. Comparison of calculated and experimental E−
11 and E+

11 for 12 M-

SWCNTs. ∆ = E+
11 − E−

11.

aFrom Ref. 169.
bFrom Refs. 132 and 172 .
cFrom Ref. 170.
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Figure 4.2. (Color) (a) Comparison of experimental absorption spectra of E22 be-
tween M- and S-SWCNTs. The upper red curve is for (21,21) metallic tube, and the
lower blue curve is for (16,15) semiconducting tube. There is a slight shift in energy
and adjustment of strength of (16,15) spectrum. The dashed line is claimed to the
threshold of the continuum absorption. (b) Comparison of our calculated absorption
spectra of E22 with experimental results, with slight shift in energy and adjustment of
strength for calculated results. The solid (red) and dotted (black) lines are calculated
and experimental E22 absorption spectra of (21,21). The dashed (blue) line is calcu-
lated E22 absorption spectra of (19,0). The dashed-line arrow denote the threshold
of the HF continuum of (21,21) in our calculations.
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E−
b (eV) E+

b (eV)

(n,m) d (nm) SCI SCI

(7,7) 0.96 0.31 —

(8,8) 1.10 0.28 —

(9,9) 1.24 0.25 —

(10,10) 1.38 0.23 —

(10,1) 0.84 0.30 0.37

(9,3) 0.86 0.29 0.34

(8,5) 0.90 0.29 0.29

(12,0) 0.95 0.27 0.33

(10,4) 0.99 0.27 0.30

(9,6) 1.04 0.27 0.28

(13,1) 1.07 0.25 0.28

(15,0) 1.19 0.24 0.27

Table 4.3. Calculated exciton binding energies for 12 M-SWCNTs. E−
b and E+

b are
the exciton binding energies for E−

11 and E+
11, respectively.

We also list our calculated exciton binding energies in Table 4.3. The binding

energies are derived from the energy difference between the lowest optical exciton and

the HF continuum. As a consequence of larger κ, the binding energies are smaller

but comparable to those of S-SWCNTs (see Table 3.3). The binding energies E−
b are

around 0.3 eV for M-SWCNTs with diameters around 1.0 nm, while binding energies

of E11 are around 0.4 eV for S-SWCNTs with similar diameters. Meanwhile, both

E−
b and E+

b decreases with increasing diameters.

Our binding energies are considerably larger than those calculated recently

[174, 175]. Using ab initio calculations, Deslippe et al. [174] predicted that in both

(10,10) and (12,0) metallic tubes, the binding energies of E11 are around 50 meV.

They are 0.23 and 0.27 eV in our results, respectively, and about 5 times larger.

Later Wang et al. [175] investigated exciton binding energy of E22 (see Fig. 4.1(a)) of
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Figure 4.3. Schematics of the square of dipole moment µ2 versus excitation energy
of E ≥ E22, for (a) the (21,21) M-SWCNT and (b) the (19,0) S-SWCNT. There is
no rigid shift as in Fig. 4.2(b). The dashed arrows indicate the threshold of the HF
continuum.
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the (21,21) armchair M-SWCNT, using absorption spectroscopy. The (21,21) NT has

a wide diameter of 3.1 nm. They found that while the main absorption peak of E22 of

the (21,21) M-SWCNT is very similar to that of the (16,15) S-SWCNT, there exists an

additional high-energy tail in the spectrum of the metallic tube. This is demonstrated

in Fig. 4.2(a) 1. They ascribed this feature to the continuum absorption and claimed

that by comparison of optical absorption spectra of M- and S-SWCNT, the binding

energy of E22 (labeled as Eb2) of the (21,21) armchair M-SWCNT is 50 meV [175].

They also used the predicted spectrum of the first subband transition(E11) in the

(10,10) nanotube by Deslippe et al. [174] as a “proxy” for the experimentally relevant

spectrum of the second subband transition(E22) of the (21,21) nanotube, and derived

the binding energy Eb2 of (21,21) from the calculations of E11 (10,10), which is also

50 meV. They then claim the two methods agree with each very well.

Considering that the (21,21) nanotube is 2∼3 times wider than (10,10) and

(12,0) nanotubes, this result of Wang et al. that Eb2 of (21,21) is the same as Eb1 of

(10,10) and (12,0) is quite surprising. The earlier observations indicate that (i) the

binding energy decreases with the diameter in S-SWCNTs [2, 84], which still applies

to M-SWCNTs (see Table. 4.3); and that (ii) Eb2 is generally larger than Eb1 in

S-SWCNTs. We have calculated Eb2 of the (21,21) M-SWCNT to be 0.14 eV.

To understand the large difference of binding energy between our calcuations

and the recent results mentioned above, we investigate the absorption spectra of the

(21,21) M-SWCNT and the (19,0) S-SWCNT. We do not choose (16,15) here as in

the experimental paper by Wang et al. [175] because its unit cell is too large and

therefore it is beyond our computational ability. Our calculated E22 of (21,21) is

1.75 eV, very close to the value of 1.87 eV in the experiment by Wang et al. [175].

The difference between the two E22 is 0.12 eV, which is again within the C-C bond

1Figure 4.2(a) is taken from ref. 175



125

stretching frequency. The results for (19,0) S-SWCNT are listed in Table 3.3 and

their excellent agreement with experiments has been discussed in Chapter 3. Next we

follow the same steps on the spectra of M- and S-SWCNTs as in the experiment by

Wang et al. [175] to examine the direct eye estimation of exciton binding energies of

M-SWCNTs. We put the absorption spectra of E22 of calculated (21, 21) and (19,0)

as well as samples of experimental (21,21) [175] on top of each other, with normalized

intensity of the calculated spectra to match the experimental data. Meanwhile, the

calculated (21, 21) M-SWCNT spectrum has been blueshifted by 0.12 eV to algin

with the experimental one. Silimar to that of (16,15) in the experiment, the calucated

(19,0) S-SWCNT spectrum is also shifted to align with (21, 21) M-SWCNT spectra.

This is illustrated in Fig. 4.2(b). We notice that, (i) our result also shows an additional

high-energy tail in the M-SWCNT, very similar to the experimental result as seen in

Fig. 4.2(a); (ii) apart from the small shift of 0.12 eV, the fitting between (21,21)

calculated and experimental absorption spectra is excellent.

Now we examine the binding energy results of M-SWCNTs from the direct

eye estimation. As illustrated in Fig. 4.2(b), our calculated threshold of (21,21) HF

continuum is obviously much higher in energy than the starting edge of the high-

energy tail. This strongly suggests that direct eye estimation of the binding energy

of M-SWCNTs, based on the comparison to the S-SWCNT absorption (Fig. 4.2(a)),

is not necessarily correct. In addition, use of the information on E11 of (10,10) to get

Eb2 of (21,21) [175] is highly questionable.

Now let us look at the origin of the high-energy tail in M-SWCNTs. As

mentioned above, the binding energies are smaller in M-SWCNTs than those in S-

SWCNTs. Hence there exists OS transfer from exciton to the continuum (Fig. 3.12).

We demonstrate the OS transfer in M- and S-SWCNTs by the comparison of the

square of dipole moment µ2 in the energy region of E ≥ E22 of (21,21) with that of
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(19,0), as shown in Fig.4.3. It is clear that there are multiple large µ2 states right

after the HF continnum threshold of (21,21), while only the exciton stands out in

the (19,0) S-SWCNT, as seen in Fig. 4.3(a) and (b), respectively. However, it is very

important to point out that starting edge of the high-energy tail is no longer the

edge of the continuum absorption when the lindwidth of the absorption spectrum is

nonzero, as seen in Fig. 4.2.

In summary, we investigated the electronic structure of M-SWCNTs using the

same PPP Hamiltonian, and the same set of parameters expect a larger dielectric

constant due to stronger screening effect. We are able once again to reproduce quan-

titatively the available absolute longitudinal exciton energies and the optical absorp-

tion spectra of M-SWCNTs with diameters 0.9 – 1.4 nm. While we need a dielectric

constant larger than in the S-SWCNTs, our calculated longitudinal exciton binding

energies in this diameter range are 0.2 – 0.3 eV, only slightly smaller than those in

S-SWCNTs with similar diameters.
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Chapter 5

Summary and conclusions

In this work we have demonstrated the important role of electron-electron interac-

tions on the photophysics of complex organic matericals such as PCPs and SWCNTs.

Our work within the π-electron model provides a theory that captures the essential

mechanism of the photophysics in these π-conjugated systems. In both polymer and

nanotube systems, we are able to not only explain the existing experiments but we

also predict future observations. In particular,

(1) Our results provide the foundation for understanding PCP films qualita-

tively, and perhaps even semiquantitatively. While photoexcitation generates only

the exciton in solutions, the optical exciton as well as weakly allowed excimers are

generated in films. Photoinduced absorption in films is primarily from the lowest

excimer. We are also able to explain peculiarities associated with photoluminescence,

including delayed photoluminescence and its quenching by electric field. We show

that the dominant photoexcitation from the ground state is still to the optical exci-

ton in the 1Bu energy region, similar to those in dilute solutions. The reduced PL

and its nonexponential behavior in films are related to the lowest excimer, which is

the also the lowest excited state. Nonradiative relaxation from the optical exciton to

the lowest excimer competes with its direct radiative relaxation, which gives domi-

nant PL similar to that in dilute solutions. It is likely that PL and PA in films after

a few hundred fs are largely from the weakly emissive lowest excimer. The allowed

component in the excimer’s wavefunction comes from the optical exciton, making it
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likely that their emission profiles are similar. The red shift in film emissions with time

also agrees with this picture, as the dominant PL at early time is from the strongly

emissive exciton while at later time is from the lowest weakly emissive excimer. De-

layed PL is from both the excimers, with the upper excimer relaxing directly to the

ground state as well as via the exciton. The polaron-pair component of the excimers’

wavefunctions ensures that the relaxation processes are slow, as the electron and the

hole are partly on different chains.

(2) We present the important role of e-e interactions and the effects of Hee

in single-walled carbon nanotubes with the π-electron theory. We demonstrated the

electronic structure of both semiconducting and metallic nanotubes. We are able to

determine quantitatively the exciton energies and exciton binding energies of the nan-

otubes, in both longitudinal and transverse directions. Our estimate of longitudinal

exciton energies and exciton binding energies of semiconducting tubes are the best

quantitative fits to the experimental results to date.

Our work demonstrates a universality in the photophysics of S-SWCNTs and

PCPs that arises from their common quasi-one-dimensionality and π-conjugation.
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Appendix A

Trigonal Warping Effect

In 1992 Hamada et al. [182] noticed in their calculation there was a difference in

electronic structure of armchair and zigzag nanotubes, which have the two limiting

chiral angles θ = 0 and θ = 30◦, respectively. Later it became evident in the plots of

energy versus diameter by Mintmire et al. [183] and Kataura et al. [184] that similar

diameters but different chiral angles produce slight differences in energies of the optical

transitions in the SWCNTs. Smaller diameters enhanced this dispersion [180]. This

has been of much interest.

We recall that the band gap of graphene becomes zero at the K points in

the Brillouin zone (see Chapter 3). Satio et al. [179] pointed out that when we plot

equi-energy lines near the K point (see Fig. A.11), we get circular contours for small k

values near the K and K ′ points in the Brillouin zone. However for large k values, the

equi-energy contour becomes a triangle, which connects the three M points nearest

to the K point (see Fig. A.2). The distortion of the equi-energy lines away from the

circular contour in materials with a threefold symmetry axis is known as the trigonal

warping effect. The energy minimum of each pair of valence and conduction band near

the K point corresponds to a peak in the optical absorptions. Because of the trigonal

warping effect, there now exists asymmetry on the two side of the K-point (Fig. A.2).

Therefore the energy minima positions are not always at the closest positions to the

K point (Fig. A.1) and depend on the chirality of SWCNTs, as seen in Fig. A.2.

1Figures A.1 and A.2 are taken from Ref. 179.
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Figure A.1. The contour plot of 2D energy of graphite. The equi-energy contours are
circles near K and near the center of the Brillouin zone, but near the zone boundary
the contours are straight lines which connect nearest M points.

The trigonal warping leads to two general predictions within the context of a

noninteracting TB model.

1. In S-SWCNTs, the trigonal warping results in an phenomenon known as the

“family behavior”, which is discussed in details in Chapter 3. It is a systematic

pattern of chirality dependence of the optical transition energies in S-SWCNTs

according to whether mod(n-m, 3) = 1 or 2. As illustrated in Fig. A.32(b)

and (c), the asymmetry on the two side of the K-point leads to this systematic

variation of transitions energies for semiconducting tubes of different chirality

[181].

2. It has been pointed out that deviations from a circle in the energy contours near

the Fermi surface produce a splitting of the optical transitions in M-SWCNTs

[177–180], which is maximal for zigzag tubes. This is schematically shown in

Fig. A.2 and A.3(a). Although the distances of the two nearest K1 lines from

2Figure A.3 is taken from Ref. 181.
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Figure A.2. The dependence of the trigonal warping effect of the optical transitions
on the nanotube chirality. The three bold lines near the K point are transverse K1

vectors in the hexagonal Brillouin zone of graphene for metallic (a) armchair and (b)
zigzag carbon nanotubes. The minimum energy along the two nearest K1 lines that
do not pass K-point gives the energy positions of the optical transitions.
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Figure A.3. Zone-folding picture of carbon nanotubes around the K point in the
Brillouin zone of graphene. The three lines connected by K-point are the Brillouin
zone boundary, and the angle φ is the deviation of the nanotube from the armchair
direction. The solid lines spaced by a distanceK1 represent the transverse wavevectors
for (A) M-SWCNTs with mod(n−m, 3) =0 and S-SWCNTs with (B) mod(n−m, 3)
= 1 and (C) mod(n−m, 3) = 2. The dashed lines spaced by 1

3
K1 have been added to

clarify the relation between the different classes. Due to the asymmetry on the two
sides of K point for finite φ, nonarmchair metallic tubes have two M1(±) bands with
differing energies. The same asymmetry leads to a systematic variation of transitions
energies for semiconducting tubes of different chirality: Odd bands (S1, S3, ...) in
(B) have lower energies than their counterparts in (C) for tubes of the same diameter,
whereas even bands (S2, S4, ...) have higher energies. The differences increase with
the asymmetry level and the angle φ. These trends give rise to the family behavior
in S-SWCNTs.
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the K points are the same, the two lines are in general inequivalent in the 2D

reciprocal lattice and thus the two lines have a different energy minimum with

respect to each other. This is the physical reason why the absorption peaks are

split in M-SWCNTs.
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Appendix B

Polarization of PPV 3.7 eV Absorption Peak

As shown in Fig. B.11, the experimental absorption spectra of PPV-derivatives con-

tain strong absorption bands at around 2.3 eV (peak I) and 6 eV (peak IV), and two

weaker features at 3.7 eV (peak II) and 4.7 eV (peak III), respectively. Chandross &

Mazumdar [78] showed that, (i) the 3.7 eV (peak II) band is distinct signature of finite

size effect; (ii) this particular band is predominantly along the polymer chain axis, ;

(iii) the 4.7 eV band is polarized transverse to the chain axis while peak I and IV are

longitudinal absorptions. The results are verified by the experiments [78, 86, 87, 142],

as demonstrated in Fig. B.2.

We confirm within the π-electron model Hamiltonian (Eq. 1.1) that with

t1 = 2.4 eV (Chapter 2) and t2 = 0, as shown in Fig. (a), the 3.7 eV band (II) is

predominately longitudinal absorption (the dot-dashed line). The 4.7 eV band (III) is

transverse polarized in this case (the dashed line). With the inclusion a nonzero nnn

hopping integral t2 = 0.3 eV and the broken CCS, the transverse 4.7 eV band splits

into two peaks, one much weaker than the other, as shown in Fig. B.3(b). Meanwhile

the longitudinal peak at II is suppressed due to nonzero t2. The splitting also causes

redshift and blueshift of the two resulting transverse peaks, respectively. As t2 goes

larger to 0.6 eV, the weaker peak gets more O.S. and redshifted to II position. The

longitudinal peak II is completely suppressed with large t2. As a consequence, the

3.7 eV band (II) is predominately polarized along transverse direction with large t2,

1Figures B.1 and B.2 are taken from Ref. 75 and 78, respectively.
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Figure B.1. Experimental absorption spectrum of a thin-film MEH-PPV.

as seen in Fig. B.3(c).

The results with the inclusion of large t2 (≥ 0.6 eV) is therefore in contradiction

to the experimental results [78,86,87,142]. Considering the longitudinal polarization

of 3.7 eV band, we conclude that the nnn hopping t2 should be much smaller than

0.6 eV. The effect of broken CCS alone on the electronic structure as well as on the

optical absorption of PPV-derivatives is tiny.
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Figure B.2. (a) Experimental optical densities (ODs) parallel and perpendicular to
the chain axis of oriented NO-PPV. (b) The measured difference OD, obtained by
subtracting the perpendicular OD from the parallel OD in (a). (c) The calculated
absorption for a eight-unit substituted PPV oligomer, parallel and perpendicular to
the chain axis. (d) The calculated difference spectrum, obtained by subtracting the
perpendicular absorption from the parallel absorption of (c).
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Figure B.3. The polarizations of PPV absorption spectra with t2 of (a) 0, (b) 0.3
eV, and (c) 0.6 eV. The solid, dashed and dot-dashed lines are for total, transverse and
longitudinal absorptions, respectively. The arrows in the plots indicate the splitting
of transverse peak due to the broken CCS.
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(1999).

[117] B. Schweitzer, V. Arkhipov, U. Scherf, and H. Bässler, Chem. Phys. Lett. 313,
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